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DECLARATION UNDER 37 C.F.R. § 1.132 

I, Nobuko Uchida, hereby declare and state as follows: 

1 . I received my B.A. degree in molecular biology from Wellesley College in 1 983. I 
received my Ph.D. in cancer biology from Stanford University in 1992. I have been working in 
the field of stem cell biology since 1992, and working with neural stem cells since 1998. 

2. I understand that the pending claims are directed to methods for transplanting neural stem 
progeny into a host. 

3. I am aware of the Examiner's January 3 1 , 2001 Final Office Action. In particular, I 
understand that the Examiner has rejected the pending claims under 35 U.S.C. §112 contending 
that "[t]he claims are not enabled because the transplantation of multipotent neural stem cell 
progeny into a host has not been demonstrated to provide any therapeutic benefit to the host." 

4. I make this declaration to rebut the Examiner's rejection, with which I do not agree. In 
view of the express statements in the specification regarding transplantation of neural stem cell 
cultures and the voluminous experimental evidence that has been accumulated, in my opinion, 
the ordinarily skilled artisan would be able to routinely transplant the described neural stem cell 
cultures with a reasonable expectation of success. I am also of the opinion that although no 




therapeutic benefit is recited in the claims, that transplantation of neural stems into a host has 
been clearly demonstrated to confer a therapeutic benefit, and that the ordinarily skilled artisan 
would believe that such transplantation would provide a therapeutic benefit to the host. 

5. Prior to this invention, the operating dogma in neurobiology was that the brain was 
relatively quiescent, and that there was no "stem cell" that could be proliferated and then 
differentiated to form the three major cell types in the central nervous system (i.e., neurons, 
astrocytes and oligodendrocytes). The neural stem cells described for the first time in this 
invention, and the ability for the art (provided by the inventors here) to obtain proliferating 
cultures of those cells, has been widely hailed as a landmark in neurobiology. In fact, one of the 
early publications that describe this invention (Reynolds and Weiss, Science 255:1707-10 
(1992)), over 500 published references have cited to this seminal work. A copy of the search 
results demonstrating this is attached as Ex. 1 . A number of these publications demonstrate that 
a therapeutic benefit is conferred when neural stem cells are transplanted into a host. I will 
discuss these in detail below. 

6. As a general matter, it is my view, based on my knowledge of the field and based on the 
voluminous citations to the inventors' work, that researchers of ordinary skill in the relevant arts 
clearly recognized the importance of the Applicants' invention and relied upon it in their 
subsequent work. In my opinion, the Applicants' invention discloses paradigm-shifting 
technology and is a vitally important finding in the field of neurobiology. I am of the firm view 
that the claimed methods for transplanting neural stem cells are enabled, and provide my detailed 
thoughts below. 

7. The instant specification expressly states that the neural stem cell cultures of this 
invention are particularly suited for transplantation, since, until now, cultures of proliferating 
neural cells have not been available to the art. Further, with the invention, the tissue source is 
well-defined, reproducible, and is not derived from an oncogene-immortalized cell line (thus 
being non-tumorigenic). See, specification, pg. 11, lines 15-20. In fact, one of the named 
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inventors, Dr. Baetge, has concluded that such neural stem cell cultures are "ideal" for nervous 
system transplantation. See, Baetge et'al, 695 Ann N.Y. Acad. Sci., pp. 285-291 (1993). 
Multiple other workers in the field have reached the same conclusion. 

8. Applicants also expressly provided ample guidance in the specification about how to 
transplant CNS neural stem cells (see, specification, pg. 36, line 10, to pg. 42, line 13; pg. 68, 
line 16, to pg. 69, line 18; pg. 78, line 17, to pg. 79, line 6; pg. 96, line 12, to pg. 97, line 28). 
Applicants even provided working examples of neural stem cell transplantation in various 
disease models, including, e.g., Huntington's disease, Parkinson's disease, and cardiac arrest. 
See, e.g., specification, pp. 96-101. By way of further example, the instant specification teaches 
and discloses the types of diseases to which the invention is directed. (See pg. 40, lines 9-18). 
The specification provides exemplary teaching of where to transplant the cells of the claimed 
invention. (See, e.g., pg. 38, lines 17-30). Further, the specification teaches and discloses how to 
monitor the transplanted cells. (See pg. 39, lines 16-31). Additionally, the specification teaches 
and discloses how to get the transplanted cells to proliferate in vivo. (See pg. 42, line 14 through 
page 47, line 26). In my view, it cannot be disputed that the ordinarily skilled artisan, with the 
specification in hand, would be able to transplant neural stem cell cultures into a host; that is, the 
ordinarily skilled artisan would know how to use the invention as claimed. I do not believe that 
the Examiner disputes this; rather I believe that the Examiner is asking for additional proof that 
the ordinarily skilled artisan would believe that making such a transplantation would confer a 
therapeutic benefit. I have provided that proof below. 

9. The specification contains detailed teachings relating to how to practice the invention, as 
well as providing forty-five (45) in vitro and in vivo examples relating to generation and use of 
neural stem cell cultures. Among these examples are various standard, well-accepted animal 
models of various human diseases, including, e.g., animal models for Parkinson's disease and 
Huntington's disease. Applicants also disclosed treatment of neurodegenerative disease using 
progeny of human neural stem cells proliferated in vitro; remyelination in myelin deficient rats 
using neural stem cell progeny proliferated in vitro; remyelination in human neuromyelitis 
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optica; and remyelination human Pelizaeus-Merzbacher disease. (See Specification, Examples 
14-17). 



10. I note that (1) that the transplanted neural stem cell cultures secrete cellular products 
which are capable of providing a therapeutic benefit to the host, and (2) that the neural stem cell 
cultures exhibit tissue-specific differentiation upon transplantation. In my view, either of these 
facts would inescapably lead the ordinarily skilled artisan to conclude that transplantation of such 
neural stem cell cultures would have a reasonable expectation of success in providing a 
therapeutic benefit to the host. 

A. Transplantation of Neural Stem Cell Progeny 

According to the Claimed Methods For Delivery 
of Cellular Products Provides a Therapeutic Benefit 

1 1 . Applicants' neural stem cell cultures have been shown to be a useful tool for delivery of 
secreted cellular products which provide a therapeutic benefit when transplanted into the host. I 
draw the Examiner's attention to three publications that demonstrate that transplantation of 
cultures of neural stem cells that have been genetically modified to secrete nerve growth factor 
("NGF"), according to the claimed methods, provides a therapeutic benefit. 

12. Andsberg et al., "Amelioration Of Ischaemia-Induced Neuronal Death In The Rat 
Striatum By NGF-Secreting Neural Stem Cells", Europ. J. Neuroscience, 10, pp. 2026-2036 
(1998) (copy attached as Ex. 2) reports that transplantation of NGF-secreting neural stem cell 
cultures into the adult rat striatum following middle cerebral artery occlusion ameliorated the 
death of striatal projection neurons that would have otherwise died due to the ischaemic insult. 
This clearly demonstrates a therapeutic benefit of the claimed methods. 

13. Carpenter et al, "Generation and Transplantation of EGF-responsive Neural Stem Cells 
Derived From GFAP-hNGF Transgenic Mice", Exp. Neurology, 148, pp. 187-204 (1997) (copy 
attached as Ex. 3) reports that transplantation of NGF-secreting neural stem cell cultures into the 
adult rat striatum produced dense sprouting of p75 neurotrophin receptor-positive fibers 




emanating from the underlying basal forebrain - a significant morphological change compared to 
controls, which I believe would be considered a therapeutic benefit in hosts where such neuronal 
regeneration and sprouting were desired. I note that the claimed methods were used. The 
authors conclude that "[t]he use of neural stem cells for transplantation into the CNS offers a 
number of advantages over transplantation of primary tissue or other cell lines." See p. 202. This 
to me also clearly demonstrates a therapeutic benefit of the claimed methods. 

14. Kordower et al., "Grafts of EGF-responsive Neural Stem Cells Derived From GFAP- 
hNGF Transgenic Mice: Trophic and Tropic Effects in a Rodent Model of Huntington's 
Disease", J. Comp. Neurol., 387, pp. 96-1 13 (1997) (copy attached as Ex. 4) reports that 
intrastriatal transplantation of NGF-secreting neural stem cell cultures into an adult rat model of 
Huntington's disease (the well accepted and widely used quinolinic acid lesion model) resulted 
in sparing of striatal neurons immunoreactive for glutamic acid decarboxylase, choline 
acetyltransferase, and neurons histochemically positive for nicotinamide adenosine diphosphate. 
In addition the NGF-secreting transplants produced robust sprouting of cholinergic fibers from 
subjacent basal forebrain neurons. I note that the claimed methods were used. The authors 
conclude that "[t]hese data indicate that cellular delivery of hNGF by genetic modification of 
stem cells can prevent the degeneration of vulnerable striatal neural populations, including those 
destined to die in a rodent model of HD and supports the emerging concept that this technology 
may be a valuable therapeutic strategy for patients suffering from this disease." See p. 96. In my 
view, the authors clearly demonstrated a therapeutic benefit and clearly expressed their view that 
the results in the model are predictive of the human condition. For this reason, these data also 
clearly demonstrates a therapeutic benefit of the claimed methods. 

B. Transplantation of Neural Stem Cell Progeny 

According to the Claimed Methods For Tissue-Specific 
Differentiation Provides a Therapeutic Benefit 
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15. Applicants' neural stem cell cultures have been shown to be useful tool for tissue-specific 
differentiation to provide a therapeutic benefit when transplanted into the host. I draw the 
Examiner's attention to several recent publications that demonstrate that transplantation of 
cultures of neural stem cells provide such a therapeutic benefit. 

16. Qu et al., "Human Neural Stem Cells Improve Cognitive Function of Aged Brain", 
Ageing, 12, pp. 1 127-1 132 (2001) (copy attached as Ex. 5) report that when human neural stem 
cells were transplanted into aged rats (about 24 months old), according to the claimed methods, 
the cells not only survived, but also retained their multipotency and migratory ability. The 
results show that the human neural stem cells not only successfully differentiated into neurons 
and astrocytes, but importantly "both neurons and astrocytes migrated into the cortex and 
hippocampus in a well-defined and organized pattern in the brain." See p. 1 132. Finally, the 
results demonstrate significantly improved cognitive function (in the standard and well accepted 
Morris water maze model). In my view this clearly demonstrates a therapeutic benefit of the 
claimed methods. 

1 7. Akiyama et al., "Transplantation of Clonal Neural Precursor Cell Derived From Adult 
Human Brain Establishes Functional Peripheral Myelin in the Rat Spinal Cord", Exp. Neurol., 
167, pp. 27-39 (2001) (copy attached as Ex. 6) reports that human neurosphere cultures {i.e., an 
expressly disclosed embodiment of the neural stem cell cultures of this invention) when 
transplanted (according to the claimed methods) into a demyelinated adult rat spinal cord 
produced extensive remyelination with a peripheral pattern similar to Schwann cell myelination 
characterized by large cytoplasmic and nuclear regions, a basement membrane, and P0 
immunoreactivity. 1 ' Importantly, "the remyelinated axons conducted impulses at near normal 



" I note that the authors refer to a paper describing culturing the neurosphere cultures that 
was written by Dr. Joseph Hammang, one of the inventors {see reference 20), which confirms 
that the cells used here are cells of this invention. 
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conduction velocities". See p. 27. In my view this clearly demonstrates a therapeutic benefit of 
the claimed methods. 

18. Kurimoto et al., "Transplantation of Adult Rat Hippocampus-Derived Neural Stem Cells 
into Retina Injured By Transient Ischemia", Neuroscience Letters, 306, pp. 57-60 (2001) (copy 
attached as Ex. 7) reports transplantation of rat neural stem cell cultures into the eyes of adult rats 
that underwent ischemia-reperfusion injury. The in vivo retinal ischemia-reperfusion model is a 
standard (and well accepted) experimental model that has been used to investigate the damage to 
the retina induced by transient ischemia. The authors report that in the eyes with the ischemia 
insult, the intravitreally injected neural stem cells invaded the retinal ganglion cell layer within a 
week of the transplantation and were identified in the retinal inner nuclear layer two weeks after 
the transplantation. At four weeks the donor cells were integrated into the host retina and 
expressed Map2ab, which indicated that the cells had differentiated into mature neurons. By 
comparison, in the control, none of the transplanted cells migrated to the retina. The authors 
conclude that "neuronal stem cells are good candidates to reconstruct the neural circuitry of 
ischemic injured retina, and show the potentiality of therapeutic transplantation using neuronal 
stem cells on retinal impairments that are generally regarded as incurable." See p. 59. I conclude 
from this that, both the authors (and myself) believe that this clearly demonstrates a therapeutic 
benefit of the claimed methods. 

1 9. Likewise, Nishida et al., "Incorporation and Differentiation of Hippocampus-Derived 
Neural Stem Cells Transplanted in Injured Adult Rat Retina", Investigative Ophthalmology & 
Visual Science, 41, pp. 4268-4274 (Dec 2000) (copy attached as Ex. 8) report that transplantation 
of neural stem cells into mechanically injured adult retina results in incorporation and subsequent 
differentiation of the grafted stem cells into neuronal and glial lineages. Importantly, the authors 
conclude that "[njeural stem cells are expected to be useful clinically for replacing damaged 
neurons or for ex vivo gene therapy." See, p. 4271. This statement confirms my similar 
statements throughout this declaration, and I believe is reflective of the general opinion of those 
of ordinary skill in the art. 
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20. Finally, I draw the Examiner's attention to several additional publications that, in my 
view, clearly demonstrate that the art is of the view that the claimed transplantation methods 
would provide a therapeutic benefit. In particular, see e.g. Ourednik et al., Novartis Foundation 
Symposium 231 , Pub. John Wiley & Sons, Ltd. (2000) (Ex. 9), which is titled "Neural Stem 
Cells Are Uniquely Suited For Cell Replacement and Gene Therapy in the CNS". This title 
alone captures the sentiments expressed throughout my declaration. See also Vescovi et al., 
"Isolation and Intracerebral Grafting of Nontransformed Multipotential Embryonic Human CNS 
Stem Cells", J. Neurotrauma, 16, pp. 689-693, p. 689 (1999) (Ex. 10), which states "the use of 
human embryonic CNS stem cells should provide a reliable solution to some of the major 
problems that pertain to this field . . .". 

21 . It is my firm belief, based on the literature and my own experience, that transplantation of 
such neural stem cell cultures according to the claimed methods would provide a therapeutic 
benefit to the host. 

22. For all the foregoing reasons, I believe that the Examiner should withdraw the rejection 
and allow the pending claims. 

I further declare that all statements made herein of my own knowledge ^re true and that 
all statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001, Title 18, United States Code, 
and that willfiil false statements may jeopardize the validity of this application and any patent 
issuing therefrom. 




Signed at Palo Alto, California 
this 30 th day of July, 2001 
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Amelioration of ischaemia-induced neuronal death in the 
rat striatum by NGF-secreting neural stem cells 



Keywords: ischaemia, ex vivo gene transfer, gene therapy, nerve growth factor, stroke 
Abstract 

degeneration of projection neurons, immunoreact ve for d°pa™e- ^ad*^ 
projection neu ™ s " M ^j 9 "'''*^^ 

caused by transient focal ischaemia. 



Introduction 

Nerve growth factor (NGF), brain-derived neurotrophic factor 
(BDNF) neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5) belong 
to a family of highly bioactive peptides, called neurotrophins, with a 
broad range of effects on neurons, including protective actions 
(Lindvall etal, 1994; Lewin & Barde, 1996, for review). The 
expression of the neurotrophins and their receptors is regulated by a 
variety of acute insults to the brain, including epileptic seizures> 
hypoglycaemic coma, cerebral ischaemia and traumatic injury (Gall 
& Isackson, 1989; Ballarin etal, 1991; Emfors etal., 1991; Lindvall 
etal 1992; Medio etal, 1993; Mud6 etal, 1993). The increased 
synthesis of NGF and BDNF triggered by these conditions has been 
interpreted as an intrinsic neuroprotective response of the damaged 
brain (Lindvall etal, 1994; Koistinaho & Hokfelt, 1997). This has 
raised the possibility that administration of one or more of the 
neurotrophins might be a useful strategy to protect injured neurons 
from dying in the event of an acute neurodegenerative disorder. In 
support of this idea, exogeneously supplied NGF has been reported 
to counteract death of hippocampal neurons exposed to hypoglycaemia 
in vitro (Cheng & Mattson, 1991) and of CA1 neurons following 
transient global forebrain ischaemia in rats in vivo (Shigeno etal, 
1991; Pechan etal, 1995), although this was not observed by others 
(Beck etal, 1992). 



Biological delivery of neurotrophic factors is an effective approach 
for administering these peptides locally into the mammalian brain. 
Their poor diffusion properties, short half-life in the brain interstitium, 
and the physiological limit that the blood brain barrier represents tor 
the systemic administration of neurotrophic factors, have previously 
made it necessary to use intraventricular or intracerebral injections 
or infusions. Such procedures often cause traumatic, chrome brain 
injury and, in addition, are of limited duration. Recently developed 
techniques for gene transfer, especially those based on ex vivo gene 
transfer of transgenic neurotrophic proteins to. different types or 
carrier cells and subsequent engraftment, have been established 
as more useful approaches with clear impact on functional brain 
neuroprotection (Fisher & Ray, 1994; Gage etal, 1995; Snyder & 
Macklis 1995; Martinez-Serrano & Bjorklund, 1996a; Martinez, 
Serrano & Bjorklund, 1997). For example, NGF-secreting fibroblasts, 
baby hamster kidney cells or neural progenitor cells are able to rescue 
basal forebrain cholinergic neurons after various lesions or revers 
age-dependent atrophy of these neurons, improving cogmtive functio 
(Sternberg etal, 1990; Dekker etal, 1994; Winn etal, 1994; Chen 
& Gage, 1995; Martinez-Serrano etal, 1995a, b). 

Medium-sized spiny projection neurons constitute the vast majority 
of neurons in the adult striatum (Heimer et al, 1995). These neurons, 
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most of which are GABAergic, are particularly susceptible to cell 
death induced by cerebral ischaemia (Pulsinelli et aL, 1982; Pulsinelli, 
1985; Goto etaL, 1993) and excitotoxins (Boegman etaL, 1987; 
Davies & Roberts, 1988; Beal etaL, 1989; Forloni etaL, 1992; 
Figueredo-Cardenas etai, 1994). Striatal projection neurons express 
me functional high-affinity receptors for BDNF and NT-3, i.e., TrkB 
and TrkC, respectively, but not the NGF receptor, TrkA, or the low- 
affinity neurotrophin receptor, p75 NTR (Medio et aL, 1993; Sobreviela 
etai, 1994). Despite the lack of the functional receptors for this 
neurotrophin, biologically delivered NGF has been reported to coun- 
teract the death of striatal projection neurons caused by excitotoxic 
insults. Thus, Schumacher, Frim and collaborators (Schumacher et aL, 
1991; Frim et aL, 1993a, b) initially described that intrastriatal grafts 
of fibroblasts, genetically modified to produce NGF, ameliorated the 
Tects of quinolinic acid lesions in the rat striatum. Their findings 
were subsequently confirmed and extended using immortalized neural 
stem cells or epidermal growth factor-responsive stem cells as the 

I carrier of the NGF gene (Martinez-Serrano & Bjorklund, 1996b; 
Kordower et aL, 1997). These studies have demonstrated that biologic- 

( ally delivered NGF can have generalized neuroprotective effects in 
the striatum, even on projection neurons not expressing NGF receptors 

j at detectable levels. 

The main objective of the present study was to explore the 
possibility that NGF, secreted by grafts of ex vivo transduced neural 
.*. -;m cells, could counteract the death of striatal projection neurons 
caused by transient focal ischaemia. We used immunocytochemical 
techniques in combination with stereological procedures to quantify 
the loss of these neurons at 48 h after 30 min of middle cerebral 
artery occlusion (MCAO). This ischaemic insult was chosen because 
the brain damage is largely restricted to the lateral striatum, and 
cerebral cortex shows much less neuronal death (Memezawa etaL, 
1992b; Kokaia etaL, 1998). It is conceivable that the MCAO elicits 
both apoptotic and necrotic death (Linnik et aL, 1993; Li et aL, 1995; 
Charriaut-Marlangue etal., 1996; Du etaL, 1996), with apoptosis 
localized to the penumbra area and necrosis predominating in the 
ischaemic core (Charriaut-Marlangue etaL, 1996). Grafting was 
performed 1 week prior to MCAO to allow for migration of the 
NGF-secreting cells into the striatal parenchyma (Lundberg etaL, 
1997) and to avoid that the surgical procedure per se or disruption 
of the blood-brain barrier would influence the extent of the isch- 
aemic lesion. 

Materials and methods 
Animals and experimental design 

Twenty-eight adult, male Wistar rats (M0llegaard's Breeding Centre, 
Copenhagen, Denmark) weighing 267-325 g at the time of MCAO 
were used. The rats were housed under 12 h light/12 h dark conditions 
with ad libitum access to food and water. One week prior to the 
ischaemic insult (Fig. 1), the animals were randomly allocated to 
three experimental groups and either injected with vehicle (n = 8) or 
grafted with control-HiB5 cells (n = 10) or NGF-HiB5 cells (n = 
10) unilaterally in the striatum. After fasting overnight with free 
excess to water, all animals were subjected to MCAO for 30 min. 
The rats were killed 48 h after the ischaemic insult. 

Culture of neural stem cell lines and ex vivo NGF gene 
transfer 

The generation and characterization of the NGF-secreting and control 
cell lines used in the present experiment (clones E8 and Dll, 
respectively) have been described in detail previously (Martinez- 



Serrano etaL, 1995b). The parental, conditionally immortalized, 
neural stem cell line was the E16 rat hippocampus-derived HiB5 cell 
line (Renfranz etaL, 1991), modified to produce and release mouse 
NGF by retroviral transduction. Cells were expanded at the permissive 
temperature for the immortalizing protein (+ 33 °C, tsA58/U19 
mutant allele of the SV40 large T-antigen) in Dulbecco's modified 
Eagle's medium (DMEM, Gibco, Life Technologies AB, Sweden), 
supplemented with 10% foetal bovine serum, 2 mM glutamine, and 
10 000 units/mL streptomycin and 10 000 units/mL penicillin. Prior 
to transplantation, the cells were labelled in culture for 72 h with 
3 H-thymidine 10|aCi/mL (Amersham). For grafting, a single cell 
suspension with 150 000 cells/uX was prepared in Hank's balanced 
salt solution (Gibco) by trypsinization of nearly confluent monolayers. 

Cell transplantation 

To test whether neural stem cells of Sprague-Dawley origin (as the 
HiB5 derivatives used here) can survive transplantation into Wistar 
rats without immunosuppression, a separate group of three male 
Wistar rats (300 g body weight) were grafted with control cells in 
the right and NGF cells in the left striatum. The rats were anaesthetized 
with Equitesin (3 mL/kg i.p.), fixed in a Kopf stereotaxic frame and 
1 |iL of suspension containing ~ 100 000 cells was then injected per 
side using a 10 uL Hamilton syringe. Coordinates with tooth bar at 
-2.3 mm below the interaural line were AP = 0.2, L = 3.5, V = 5.5. 
[AP, anterior or posterior to bregma; L, lateral to midline; V, vertical 
from dura according to the atlas of Paxinos and Watson (Paxinos & 
Watson, 1997), all distances in (mm).] These animals, which were 
not subjected to MCAO, were killed by transcardial perfusion of 4% 
paraformaldehyde after one week and then processed for 3 H-thymidine 
autoradiography (see below). 

The other animals received NGF-producing or control cells or 
vehicle at three injection sites with two deposits at each site in the 
right striatum. The coordinates were with tooth bar set at -2.3 mm 
below the interaural line. Injection site 1: AP = 1.5, L = 2.5, V = 
5.5 and 4.5; injection site 2: AP = 0.2, L = 3.0, V = 6.5 and 5.5; 
injection site 3: AP = -0.9, L = 4.2, V = 6.5 and 5.5. One microlitre 
of cell suspension was injected at each deposit (2 |iL per injection 
site), the total number of cells per animal being about 900 000. 

Middle cerebral artery occlusion 

Anaesthesia was induced by inhalation of 3.5% halothane in N 2 0 : 0 2 
(70 : 30). The animals were intubated and then artificially ventilated 
with 1-1.5% halothane using a small respirator. A polyethylene 
catheter was inserted into the tail artery for sampling and blood 
pressure recording. Arterial blood pressure and body temperature were 
monitored using MacLab data acquisition system (AD Instruments, 
Australia). During surgery, ventilation was adjusted according to p0 2 , 
pC0 2 and pH values. Physiological parameters, as measured before 
occlusion, are presented in Table 1. The MCAO was performed 
according to the technique described by Koizumi etaL (1986) and 
modified by Zhao etaL (Zhao etaL, 1994; Kokaia etaL, 1995). In 
brief, the right common, internal and external carotid arteries were 
exposed and the external carotid artery was ligated. The common 
carotid artery was closed by a ligature, and the internal carotid artery 
was temporarily closed by a microvascular clip. To prevent thrombosis, 
30 IE heparin was given intra-arterially. A filament made from a 
monofilament fishing line (Stren, supertough, 0.25 mm diameter, Du 
Pont, Wilmington, DE, USA) with a melted tip (0.28 mm diameter) 
and a distal cylinder of silicon rubber (Silastic E, Dow Corning, MI, 
USA) was inserted into the internal carotid artery through the common 
carotid artery and advanced to block the blood flow in the middle 
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Neurological evaluation 



i n ™ vphirlP iniected one week before the focal ischaemic insult, 

Tssessment was carried out 1 h before and 1 and 24 h after MCAO. 




Vehicle-inj. 298 ± 6 
NGF-graft 303 ± 4 
Control-graft 301 ± 7 



3.8 ± 0.3 
5.0 ± 0.4 
5.0 ± 0.3 



7,43 ± 0.01 
7.46 ± 0.0 1 
7.45 ± 0.01 



36.8 ± 1.1 

33.9 ± 0.8 
36.2 ± 0.8 



108.8 ± 3.8 

118.8 ± 3.3 

112.9 ±4.4 



37.0 ±0.1 

37.1 ±0.1 
37.3 ± 0.1 



110.0 ± 3.4 
117.4 ±2.3 
U7.0±4.5 



5.0 ± 0.0 
4.4 ± 0.3 
4.8 ± 0.2 



1.0 ± 0.2 4.6 ±0.3 
1.6 ±0.4 4.2 ±0.3 
2.0 ± 0.4 4.6 ± 0.3 



Dunn post-hoc test). 



cerebral artery. When the surgical procedure had been completed, 
anaesthesia was discontinued and the rat was awake after 10-15 nun. 
Reperfusion was started after an occlusion tame of 30min by 
withdrawal of the filament under brief anaesthesia using halothane 
(1 5%) in N 2 0 : 0 2 (70 : 30). The MCAO was carried out blindly i.e.,.. 
without knowing which experimental group the animals belonged to. 

Neurological evaluation 

Neurological examination was carried out blindly just before and at 
1 and 24 h after MCAO (Fig. 1). The main aim of this analysis was 
to provide a measure of successful MCAO and recirculation. Fore- 
and hindlimb placing was assessed mainly according to De.Ryck 
etal. (1989), and circling towards the paretic side was evaluated as 
previously described by Bederson etal. (1986). 

The placing of the fore- and hindlimb on the side contralateral to 
MCAO, was examined when the limb, gently pulled down and away 
from a table edge, suddenly was released. To evaluate h.ndhmb 
placing, the left side was perpendicular to the edge of a table and for 
forelimb placing the forepaws were perpendicular to the table edge 
with head and whiskers outside the edge. The placing of each limb 
was graded as 'no' placing (score 0), 'incomplete' and/or delayed 
(> 2 s) placing (score 1), and 'correct' placing (score 2). Circling 
was evaluated when the rat was allowed to move freely in an open 
area. Circling to the non-occluded side was scored as 0 and no 
circling as 1 . The scores for fore- and hindlimb placing and circling 
behaviour were summed up for each animal (maximum score - 5) 



Animals which were fully awake and had lost one grade or more in 
the neurological scoring at 1 h after MCAO were included for 
further analyses. 

Immunocytochemistry 
' Animals were deeply anaesthetized with chloral hydrate (400 mg/kg) 
and transcardially perfused with physiological saline followed by ice- 
cold 4% paraformaldehyde in 0.1 m phosphate buffer. The brains were 
removed, postfixed with the same fixative overnight and equilibrated in 
30% sucrose. Series of 40-um-thick sections were taken through the 
striatum, and stored cryoprotected at -20 °C until use. For fee, 
floating immunocytochemical stainings, the sections were raised ana 
endogenous peroxidase quenched in 3% H 2 0 2 . After blocking in 
appropriate serum, the sections were incubated overnight ( or ChAT, 
incubation with the primary antibody was for 72 h at 4 «C) w.th the 
primary mouse monoclonal antibody. After rinsing, sections we re 
incubated with the appropriate biotinylated-secondary antibody (horse 
antimouse), reacted with ABC Kit (Vector, Burlingame, USA), and 
peroxidase was then developed in a nickel-intensified DAB reaction. 
Antibody litres and sources were as follows: against dopamine- 
and adenosine 3':5'-monophosphate-regulated phosphoprote.n witti a 
molecular weight of32kDa(DARPP-32,maiker for smauj 
neurons) 1 : 20000, a gift from Dr P. Greengard, Rockefeller Un.ver 
sity New York, NY, USA, against neuronal-specific antigen (NeuiN, 
marker for postmitotic neurons) 1 : 100, a gift from Dr R. J. Molten 
University of Utah, Salt Lake City, UT, USA, and against choline 
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Fig. 2. Survival and integration of transplanted cells. Adjacent sections 
immunostained for DARPP-32 (A) or subjected to 3 H-thymidine 
autoradiography and counterstained with cresyl violet (B), to illustrate graft 
survival at different locations and lesion severity. Arrows in B depict one 
implantation site. The location of the higher magnification photomicrographs 
in C-E is indicated in A. Grafted cells (identified by silver grains on the 
autoradiogram) are illustrated in regions with minor (C), intermediate (D) and 
severe ischaemic damage (E). Note the preferential distribution of the cells 
in grey matter areas (G). The asterisk in E denotes a blood vessel. W, white 
matter. Scale bar = 1.5 mm in A and B and 18 |im in C-E. 



acetyltransferase (ChAT, marker for cholinergic neurons) 1 : 1000, 
Chemicon. 

3 H-Thymidine autoradiography 

One series of sections from each of the grafted animals was mounted 
slides, dehydrated and delipidated before immersion in autoradio- 
graphic emulsion (K5, Ilford). The sections were left for 5 weeks at 
-20 °C in the dark, and then developed. Before coverslipping, the 
specimens were counterstained with cresyl violet. 

Morphometric analysis 

The number of DARPP-32- and NeuN-immunopositive neurons was 
quantified using stereological procedures, which allow for unbiased 
estimates of cell numbers within a defined brain structure (Gundersen 
-tal, 1988). Analyses were performed using the Computer Assisted 
Stereological Toolbox (CAST)-GRID software (Olympus, DK A/S, 
Albertslund, Denmark), controlling an X-Y-Z motorized Olympus 
BH-2 microscope stage. Images were first acquired with a CCD-IRIS 
colour video camera and the borders of the striatum were marked at 
small magnification (X4) using the computer mouse. Cells were then 
counted at X40 magnification in randomly selected fields chosen by 
the computer controlling the stage. 



DARPP-32- and NeuN-immunoreactive neurons were first quanti- 
fied in the vehicle-injected, control-cell-iind NGF-cell-grafted striata 
at four representative coronal levels through the striatum: 1, AP 
1.7 mm; 2, AP 0.7 mm; 3, AP -0.3 mm; 4, AP -1.4. mm. In six 
randomly selected animals, the non-lesioned side was analysed 
similarly in order to obtain cell counts from the intact striatum. Using 
image analysis (CAST-GRID software), measurements of the whole 
striatum and the area devoid of DARPP-32 immunostaining were 
made at the same levels and the remaining, non-lesioned area, was 
calculated thereafter. In a separate analysis, the number of DARPP- 
32-positive neurons was counted stereologically in 17 sections spaced 
at 320-|xm intervals throughout the striatum (from 2.0 mm rostral to 
3.3 mm caudal to bregma) in animals receiving control or NGF- 
secreting transplants. Due to their lower numbers, the ChAT-positive 
cholinergic interneurons were counted manually and blindly at the 
four coronal levels defined above, using X10 magnification. 

Statistical analysis 

Evaluation of differences in the number of immunopositive cells and 
in the area with remaining DARPP-32 immunoreactivity between the 
intact striatum and the lesioned striatum in the three experimental 
groups, as well as differences in neurological scores and physiological 
parameters were performed using one-way analysis of variance 
(anova) followed by the indicated post-hoc tests. Numbers of DARPP- 
32 positive neurons in sections throughout the striatum from control 
and NGF-cell grafted rats were compared using one-tailed unpaired 
Student's /-test. To compare numbers of ChAT-positive neurons 
between the striatum ipsilateral and contralateral to MCAO, paired 
Student's r-test was used. Significance was set at P < 0.05. 

Results 

Physiological parameters and neurological assessment 
Table 1 shows physiological parameters as measured 1 week postgraft- 
ing and just before the induction of ischaemia. There were no 
significant differences between the experimental groups. The neuro- 
logical assessment performed 1 h before MCAO revealed a mild 
impairment in two animals with control-cell grafts and in three 
animals with NGF-secreting grafts. These rats exhibited a slight 
deficit in hindlimb placing, which suggests that the surgical procedure 
used here may cause a minor brain damage in some rats. However, 
there were no significant differences in neurological scores between 
the" groups. When the rats were evaluated at 1 h after MCAO, marked 
neurological impairment was observed in the majority of animals. In 
four animals (two in the control-cell group, one in the NGF-cell 
group and one in the vehicle-injected group), the MCAO did not 
result in any deficit, indicating unsuccessful occlusion. These animals 
were not included in the further analysis. The other rats exhibited 
circling behaviour to the non-occluded side and showed no placing 
of the hindlimb. The placing of the forelimb was delayed or incorrect. 
The neurological scores in these remaining animals (seven vehicle- 
injected, eight control-cell grafted and nine NGF-cell grafted) did not 
differ between the groups. At 24 h after MCAO, there was marked 
behavioural recovery in all animals, without any significant differences 
between the groups (Table 1). 

Survival of grafted cells 

The focal ischaemia model used here has been extensively character- 
ized in Wistar rats (Memezawa etal, 1992a,b; Zhao etal, 1994; 
Kokaia etal, 1995), and we therefore performed all experiments on 
animals of this strain. Because the HiB5 cells and their derivatives 
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Z ^^orLz to the atlas of Paxinos and Watson (Paxinos & Watson, 1997). Scale bar - 3 mm. 



were generated from Sprague-Dawley rats, we first explored whether 
intrastriatal grafts of these cells can survive in Wistar rats without 
immunosuppressive treatment. The use of cyclosporin seemed unfa- 
vourable in the present experiment due to the reported protective 
action of this drug against ischaemic damage (Uchino etal, 1995). 
Grafted cells were identified using autoradiography combined with 
cresyl violet staining to locate the nuclei of cells labelled with H- 
thymidine in vitro prior to transplantation. The survival and distribu- 
tion of the grafted control and NGF-secreting HiB5 cells in Wistar 



rats, not subjected to ischaemia, closely resembled what has previously 
been described in Sprague-Dawley rats for these and the parental 
HiB5 cell lines (data not shown; Martinez-Serrano etal, 1993D. 
Lundberg etal, 1997). The grafted cells had migrated 1-1.5 mm 
away from the implantation site and seemed to be well integrated 
into the host striatum. No evidence for immunological rejection, e.g. 
lymphocyte infiltration or tissue damage, was obtained. 

Also in the two grafted groups of rats, which had been subject*! 
to 30 min of MCAO, the transplants did not induce any noticeable 
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disruption of the striatal cytoarchitecture (Fig. 2A,B . This was also 
t case in the animals exhibiting mild neurological irnpairment a 
2 assessment prior to the MCAO. However, these rats showed small 
K leins located close to the needle tracts Surviving gr fted 
ceUs couTd be detected in me striatum of all transplanted anim s. .to 
mustrated in Fig. 2, the survival and distribution pattern of the grafted 
Ss were depend^t both on their location in the stnatum and the 
S^52w«»ic lesion in that particular area, as detenruned 
b -Se loss of DARPP-32-immunoreactive neurons. In regions of 
nterleiSlto-low ischaemic damage 

close to the implant site, groups of grafted cells could be easily 

with host neurons and glia. The ^°^^^f^t 
cells with a small cell body size and gha-like morphology was 
£W» that observed in other studies involving ***** al 
transplantation of the same cell lines (Martinez-Serrano e, a I 1995b 
Martmez-Serrano & Bj6rklund, 1996b; Lundberg tal., 199U In ■ 
reoions with severe ischaemic damage, grafted cells could only be 
fS c^e to the implantation site. The grafted cells —dm 
Fig 2(E) were located in the lateral striatum, in an area with a severe 
ShaeSsion. It seems possible that these cells may have survived 
due to their close proximity to a blood vessel. 

Graff effects on ischaemic damage 

The extent of the ischaemic lesion in a representative, ^>*"* 
animal as observed in DARPP-32- and NeuN-in— 
is illustrated in Fig. 3 at four coronal levels^The esio» defin ed a 
the ,rea with lost immunoreactivity for DARPP-32 and NeuN^wa 
located in the dorsolateral striatum except most caudal 1* where the 
entire cross-section of this structure was affected. The los .of 
immunoreactivity for DARPP-32 and NeuN closely mashed each 
other. The characteristics and extent of the ^^^SI™" 
what has been observed following 30 min of MCAO in — not 
subjected to vehicle injection or grafting (Memezawa etaL, 1992b, 

• Kokaia et al., 1998). _ om „„„ fh . 

. The distribution of the ischaemic damage was umform among the 
■ vehicle-injected animals, and the borders between les.oned and non- 



lesioned areas were sharp (Figs 3 and 4). Implantation of non-NGF- 
Sucing control cells caused more variability in the extent of me 
£n to four out of eight animals in this group the lesion had a 
patchy appearance, as compared with one out of seven rats in the 
Sleeted group. The boundaries of the n « « 
difficult to define. Also in the group treated with NGF-secret ng cells 
J? x nt of the lesion varied between rats and in nve out of nine 
a^imds had a patchy appearance. Two animals implanted with NGF^ 
Xhowed ischaemic damage similar to that in the v^cle-mject d 
SL InTerestingly, considerably fewer surviving grafted cells could 
EtSSTitoi animals as compared with the other rats in th, 
Joup The majority of animals with NGF-grafts exhibited lafc « 
„T ischaemic damage near the implantation sites, identified by the 
Teed e 1 in the rostral and dorsal parts of the stnatum. Also 
„te iSe'mic core, i.e. most caudally and lateral, , in the 
the lesion appeared to be less severe as compared with the vehicle 
SLSTJ control-cell grafted groups, with areas showing nearly 
normal DARPP-32 and NeuN immunostaimng. nARP p. 32 
The number of striatal neurons immunoreacuve for DARK 32 
or N uN was first quantified using stereological procedures ^at 4 
predetermined levels (illustrated in Fig. 3) on die 0 " 
all rats given vehicle injections or grafted with NGF-secreting or 

„ Z cells, as well as on the contralateral side in 
animals from all groups (Fig. 5). As observed wUh both DARPP 32 , 
and NeuN immunocytochemistry, the neuronal loss at 48 h following 
Z 2 of IvTaO was most severe in the caudal striatum. Compared 
witTth S, the reduction of DARPP-32 and NeuN-immuno- 
pStit neurons at the most caudal striatal level in vehicle-injec ed 
Sals amounted to 95 and 90%, ^f^^Z^Z 
figures at the most rostral level were 62 and 61% There were 
nf sTgnificant differences between vehicle-injected and control-ce 1 
no sigium.au fn .„p P 09. or NeuN-stained neurons, 

grafted striata in the number of DARPP-32 or rseui> > 
Lcept most rostrally, where more NeuN- but not DARPP-32-pc tive 
neu 1 were found in the striatum implanted with control cells In 
contras number of both DARPP-32- and NeuN-.mmunopositive 
neuron \n the striatum grafted with NGF-producing ee ls was found 
to bTs gnificantly higher as compared with both vehicle-mjected (at 
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Fig 5 Quantitative analysis of DARPP-32- and NeuN-.mmunoreacnve 
neurons and non-lesioned striatal area after MCAO. Data are from mtact 
srta tum , contralateral to MCAO, and from ipsd atera. stnamm m 
animals with either vehicle injections (Vehicle), or grafted with NGF- (H.B5- 
NGF) or Control-cells (HiB5-control). Number of neurons was counted using 
Slogical procedures and area of DARPP-32-posmve stnatal staining 
Sera to MCAO was measured with computerized .mage analysis at the 
fou e illustrated in Fig. 3. Significant differences between groups are 
indicated by lines above the bars (P < 0.05, one-way analysts of variance 
(anova), followed by Fisher PLSD post-hoc test). 



all four levels) and control-cell transplanted striatum (all levels with 
DARPP-32 three caudal levels with NeuN). The implantation of 
NGF-synthesizing cells was estimated to prevent 45% (mean of data 
from the four levels, range 26-72%) and 46% (range 40-56%) of the 



Rostrocaudal level 

Fig 6 Rostrocaudal distribution of the neuroprotective effect induced by 
NGF-secreting cells. DARPP-32-immunostained stnatal neurons were coun ed 
in every section, spaced at 320-um interval, throughout the smaturr, in the 
rats whh control- or NGF-secreting grafts, 48 h after 30 mm of MCAO. G 
de ict approximate graft locations. Level 1 and 17 correspond to+2. mm 
and -3 3 mm in relation to bregma, respecuvely (Paxmos & Watson. 1997 . 
UnderlineTTevels are those illustrated in Fig. 3. *, P < 0.05, unpaired Student s 
r-test. 



loss of DARPP-32- and NeuN-positive neurons, respectively, observed 
in the vehicle-injected striatum. 

Similar to cell counting, measurement of the non-lesioned area 
(Fie 5) showed more pronounced ischaemic damage at caudal as 
compared with rostral striatal levels (89 and 35% reduction at most 
caudal and rostral levels, respectively, in vehicle-injected animals). 
Furthermore, this area was significantly larger in NGF-cell-grafted a 
compared with vehicle-injected striata, except at the most rostral 
level However, the difference between striata with NGF-producing 
cells and those with control cells did not reach statistical significance 
Because the cell deposits were placed at discrete locations, it 
seemed possible that they had induced only local neuroprotective 
effects. Therefore, the number of DARPP-32-immunoreactive : neurons 
was also quantified in regularly spaced sections throughou the 
entire striatum of animals receiving control- or NGF-cell transplants. 
Animals receiving NGF-secreting cells had significantly more 
DARPP-32-immunoreactive neurons as compared with rats wim 
control cells at almost every level in the caudal half of the stnatum 
(approximately twice the number of neurons) (Fig. 6). Also at more 
rostral levels, the mean number of neurons was higher .n every 
section in the rats with NGF-grafts. However, due to higher vanabihty 
between animals in the severity of the ischaemic lesion in the most 
rostral striatum, this difference only reached statistical significance 

at one level. e „„ lirnns 

We also explored the possibility that the larger number of neuron 
in the striatum with NGF-producing grafts could be due to reversal 
of a possible ischaemia-induced down-regulation of the studied protein 
markers instead of reflecting neuronal rescue. However, in all ammai 
groups, the boundaries of the region identified by the loss of DAK^r 
32 immunostained neurons exactly overlapped with the locations 
where unequivocal signs of dead neurons (with shrunk, c° nde " se 
and darkly stained cell bodies) could be observed in paired cresy 
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violet-stained sections (Fig. 7). This strongly supports the view that 
he lack of DARPP-32 immunoreactivity induced by the present insult 
signifies neuronal death. 

In contrast to the marked loss of DARPP-32-positive projection 
neurons, we observed no significant change of the number of ChAT- 
positive cholinergic interneurons in the vehicle-injected or control- 
cell grafted striatum following 30 min of MCAO (Table 2). The NGF- 
cell-grafted striatum, on the other hand, showed significantly more 
neurons with detectable levels of ChAT as compared with the intact, 
contralateral striatum at the three rostral, representative levels (81, 
65 and 41% increase, respectively; Table 2). 

Discussion 

The present results indicate that intrastriatal implantation of cells 
genetically engineered to secrete NGF can ameliorate neuronal 
death in the rat striatum at 48 h following 30 min of MCAO. The 
combination of stereological or manual quantification of cell numbers 
and specific neuronal phenotypic markers used here has allowed, for 



the first time, characterization of the ischaemic damage and the 
protective effects at the cellular level. We found degeneration of the 
majority of DARPP-32-immunopositive projection neurons, whereas 
ChAT-positive cholinergic interneurons were resistant to the ischaemic 
insult (Kokaia etal, 1998). The NGF-secreting grafts reduced the 
loss of striatal projection neurons by about 45%. 

In most previous studies on focal ischaemia models, the identifica- 
tion of infarcted and surviving tissue has been carried out at the 
macroscopic level, often by the use of vital stains (see for example 
Bederson etal, 1986; Wang etal, 1997). The discrepancy observed 
here between area measurements and unbiased, quantitative assess- 
ment of neuronal numbers indicates that procedures using macroscopic 
analysis of vital staining may not reveal all information that can be 
obtained in the present type of experiment. Quantitative cellular data 
combined with various neuronal markers seem highly warranted, in 
particular, after less severe ischaemic insults, in which selective 
neuronal death is a prominent feature (Memezawa etal, 1992b), and 
in the penumbra area and other transition zones, e.g. close to a trophic 
factor-secreting graft. 
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In the present experiment, amelioration of neuronal death by the 
NGF grafts was demonstrated at 48 h after the ischaemic insult. It 
might be argued that the NGF treatment only delayed and not 
prevented the death of striatal projection neurons and therefore that 
the observed protective effect was only transient. Although this 
possibility cannot be excluded, it seems highly unlikely for several 
reasons First, in contrast to cerebral cortex, which exhibits delayed 
neuronal death after both focal and global ischaemia, several studies 
have demonstrated that the majority of striatal neurons are damaged 
rapidly, and within 12-24 h, show evidence of cell death after 
ischaemic insults (Pulsinelli et al, 1982; Garcia et al, 1995; Wkssner 
et al 1996) For example, we observed (Z. Kokaia et al, unpublished 
data)' clear degenerative changes in virtually all projection neurons 
in the dorsolateral striatum between 6 and 16 h after 2 h of MCAO. 
Also arguing for a rapid cell loss in this region, we found no 
difference between 48 h and 1 week after 30 min of MCAO m the 
number of remaining striatal neurons (Kokaia etal, 1998). Second 
the present insult caused a major loss of striatal neurons (60-90%) 
which was markedly reduced by about 45% in animals with NGF- 
secreting grafts. In conclusion, there are no experimental data sup- 
porting a hypothetical scenario in which elevated striatal NGF levels 
would induce a large proportion of striatal neurons, normally otherwise 
degenerating within 24 h after the insult, to survive up to 48 h with 
normal cresyl-violet-, NeuN- and DARPP-32-staining and then die. 

The properties of the cell line used as carrier for the transgene has 
been described in detail previously (Martinez-Serrano & Bjorklund, 
1996a 1997; Lundberg et al, 1997). The release rate in vitro is 2 ng 
NGF/h/10 5 cells, and the cells are able to increase local NGF 
bioactivity and protein levels in transplanted brain regions upMo 
10 weeks postgrafting (Martinez-Serrano et al, 1995a,b, 1996). More- 
over, expression at the mRNA level persists even at 9 months 
following transplantation (Martinez-Serrano & Bjorklund, 1998). The 
NGF secretion from the present cell line is stable both m a dividing 
culture after differentiation, and following intracerebral transplanta- 
tion (Martinez-Serrano etal, 1995b). The cells adopt a phenotype 
resembling resident glia and have migrated up to 1-1.5 mm away 
from the implantation site after 1 week. In the present experiment, 
surviving grafted cells with a similar distribution and morphology 
were detected in the striatum at 48 h following ischaemia. It seems 
likely therefore that elevated NGF levels were present in the striatum 
both at the time of MCAO and for 48 h thereafter. In support of this 
idea, significantly more neurons with detectable levels of ChAT were 
found in the striatum with NGF-cell grafts, as previously observed 
also in the excitotoxic model (Martinez-Serrano & Bjorklund, 1996b). 
This probably reflects increased synthesis of the enzyme triggered by 
NGF (Hagg etal, 1989; Venero etal, 1994; Martinez-Serrano & 
Bjorklund, 1996b). 

Several lines of evidence support that the reduction of neuronal 
death in the striatum induced by 30 min of MCAO in the transplanted 



rats was due to the NGF secretion by the graft. First, no significant 
protective action was observed after either vehicle injection or 
implantation of non-NGF-producing control cells. Second, in the 
group of animals transplanted with NGF cells, the rats which showed 
virtually no reduction of ischaemic damage also exhibited very poor 
graft survival. Third, there were no systematic differences between 
the experimental groups in the severity of the ischaemic insult. 
Fourth, other studies have.shown that NGF can ameliorate death of 
hippoc'ampal CA1 neurons induced by transient global ischaemia, 
(Shigeno etal, 1991; Pechan etal, 1995). 

The mechanisms by which NGF ameliorates ischaemic damage m 
the striatum remain to be elucidated. It is remarkable that the 
protective action is exerted on projection neurons, which lack both 
the high- and low-affinity receptors for NGF, i.e. TrkA and p75' , 
respectively (Yan & Johnson, 1989; Sobreviela et al, 1994). However, 
there is good evidence from several lesion models that NGF can have 
protective effects also on neurons not expressing NGF receptors. 
Death of striatal projection neurons following injection of excitotoxins 
in adult rats (Schumacher et al, 1991; Frim et al, 1993a, b; Emench 
etal, 1994; Martinez-Serrano & Bjorklund, 1996b; Kordower etal, 
1997) or after hypoxic-ischaemic insults in neonatal animals 
(Holtzman etal, 1996) is mitigated by administration of NGF. 
Similarly, NGF protects hippocampal CA1 neurons against degenera- 
tion caused by transient forebrain ischaemia in gerbils (Shigeno et al 
1991) and rats (Pechan etal, 1995), despite the very low levels of 
TrkA expressed in these neurons (Cellerino, 1996). Our data do not 
reveal when, in relation to the insult, NGF has to be administered in 
order to increase the resistance of striatal projection neurons to 
ischaemic damage. Arguing in favour of an acute protective action 
(Holtzman etal, 1996) found that NGF ameliorated neuronal injury 
in the neonatal striatum when injected intraventricularly just before 
and at 48 h after a hypoxic-ischaemic insult. 

Hypothetically, NGF might counteract several of the molecular 
and cellular mechanisms believed to be involved in mediating 
ischaemic damage, including enhanced production of free radicals or 
nitric oxide, derangement of cell calcium homeostasis, and release or 
excitatory amino acids and activation of glutamate receptors. Sup- 
porting a role for NGF in activating free-radical detoxifying systems, 
NGF induced increased catalase levels in cultured PC 1 2 cells (Sampatn 
etal, 1994), and implantation of NGF-producing fibroblasts into ttie 
rat striatum gave rise to elevated catalase activity (Fnm etal. 
1994) The elevated striatal NGF levels might also counteract tne 
neurotoxicity caused by nitric oxide, which is released during toca 
ischaemia and reperfusion (Malinski et al, 1993; Kumura et al, 15W£ 
Sato et al 1994). Treatment with NGF for several days increases me 
resistance of PC12 cells to nitric oxide (Wada etal, 1996). Further- 
more, intrastriatal grafts of NGF-secreting fibroblasts attenuat 
3-nitrotyrosine formation induced by the mitochondrial toxin 3-nitr 
propionic acid, possibly by inhibiting nitric oxide production (Galpem 
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e taL, 1996). NGF has also been shown to prevent the increase of 
intracellular Ca 2 * levels and the degeneration of hippocampal neurons 
exposed to hypoglycaemia in vitro (Cheng & Mattson 1991; Mattson 
& Cheng, 1993). Several studies have demonstrated that NGF can 
reduce excitotoxic neuronal damage in the striatum (Schumachers al, 
ly. M; Frim etal, 1993a, b; Emerich etal, 1994; Martinez-Serrano 
& Bjorklund, 1996b). In addition, it cannot be excluded that NGF 
might have altered the pattern of striatal blood flow during and 
following the present insult. It is unlikely that the protective effect 
was due to a NGF-induced change of postischaemic temperature 
regulation. In a parallel study, with identical experimental groups, 
the animals were normothermic at 1 h after 30 min of MCAO, without 
any difference between the groups (G. Andsberg etal, unpublished 
observations; see also Zhao etal, 1994). 

In conclusion, the present results indicate that elevated levels of 
Nur locally in the striatum increase the resistance of striatal projection 
neurons to cell death caused by transient focal ischaemia. However, 
it must be underscored that our data do not show whether biological 
delivery of NGF might become of therapeutic value in patients with 
stroke. It now seems highly warranted to clarify the mechanisms of 
neuroprotection by NGF and when, in relation to the ischaemic insult, 
the neurotrophic factor has to be delivered to obtain this effect. Of 
particular importance will be to explore in animal models whether 
treatment with NGF can also ameliorate stroke-induced behavioural 
deceits. 
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ChAT choline acetyltransferase 

DARPP-32 dopamine- and adenosine 3':5'- monophosphate-regulated 
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EGF-responsive neural stem cells isolated from mu- 
rine striatum have the capacity to differentiate into 
both neurons and glia in vitro. Genetic modification of 
these cells is hindered by a number of problems such 
as gene stability and transfection efficiency. To circum- 
vent these problems we generated transgenic mice in 
which the human GFAP promoter directs the expres- 
sion of human NGF. Neural stem cells isolated from the 
forebrain of these transgenic animals proliferate and 
form clusters, which appear identical to stem cells 
generated from control animals. Upon differentiation 
in vitro, the transgenic stem cell-derived astrocytes 
express and secrete bioactive hNGF. Undifferentiated 
GFAP-hNGF or control stem cells were transplanted 
into the striatum of adult rats. One and 3 weeks after 
transplantation, hNGF was detected immunocyto- 
chemically in an halo around the transplant sites. In 
GFAP-hNGF-grafted animals, intrinsic striatal neu- 
rons proximal to the graft appear to have taken up 
hNGF secreted by the grafted cells. Ipsilateral to im- 
plants of GFAP-hNGF-secreting cells, choline acetyl- 
transferase-immunoreactive neurons within the stria- 
tum were hypertrophied relative to the contralateral 
side or control-grafted animals. Further, GFAP-hNGF- 
grafted rats displayed a robust sprouting of p75 neuro- 
trophin receptor-positive fibers emanating from the 
underlying basal forebrain. These studies indicate 
that EGF-responsive stem cells which secrete hNGF 
under the direction of the GFAP promoter display in 
vitro and in vivo properties similar to that seen follow- 
ing other methods of NGF delivery and this source of 
cells may provide an excellent avenue for delivery of 
neurotrophins such as NGF to the central nervous 

System. C 1997 Academic Press 



INTRODUCTION 

Until recently, it was thought that cells of the central 
nervous system (CNS) were essentially nonmitotic with 



a limited capacity for self-renewal. This inability would 
limit the potential for the CNS to repair after injury. 
Recently, however, a population of actively dividing 
cells within the subventricular zone of the adult mouse 
brain has been identified (32). In addition, Reynolds 
and Weiss (36) isolated a population of cells from the 
embryonic and adult mouse striatum which can be 
expanded indefinitely in vitro. In the continued pres- 
ence of epidermal growth factor (EGF), these cells 
proliferate and form small clusters of stem cells and 
stem cell progeny. In vitro, these stem cells can differen- 
tiate into the three major neural phenotypes (neurons, 
astrocytes, and oligodendrocytes), following removal of 
EGF and the addition of a small amount of fetal bovine 
serum (FBS) (37, 38, 43). Clonal analysis of these cells 
indicates that a single cell can give rise to a cell cluster 
containing neurons, astrocytes, and oligodendrocytes 
following differentiation (37). These data indicate that 
these cells possess the characteristics of a CNS stem 
cell including the capacity for self-renewal and multipo- 
tentiality. 

The identification of stem cells in the CNS offers a 
new strategy for treatment of neurodegenerative dis- 
eases, as these cells may provide an optimal source of 
donor material for direct transplantation into the dis- 
eased or injured CNS (10, 15, 42). Currently, CNS 
transplantation studies primarily employ primary fetal 
tissue. The limited availability of suitable tissue, 
coupled with the ethical, technical, and safety issues 
surrounding the transplantation of human fetal tissue, 
poses a significant impediment to clinical progress. The 
ideal source of tissue for neural transplantation would 
be cells that can be exponentially expanded in culture 
without the use of oncogenes, banked, tested for the 
absence of adventitious agents, and cryopreserved. In 
addition, these cells should be capable of differentiating 
into appropriate phenotypes based upon environmen- 
tal cues. Neural stem cells provide such an option in 
that they fulfill all of these requirements. 
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While transplantation of neural stem cells into the 
CNS may provide a means for cellular replacement, 
transplantation of stem cells genetically modified to 
deliver growth factors would provide several advan- 
tages. Endogenous release of growth factors may in-, 
duce the stem cells toward appropriate neuronal pheno- 
types which could facilitate cellular replacement. These 
cells could integrate into the surrounding tissue and 
secrete growth factors directly into the parenchyma. 
These integrated cells would provide trophic support to 
locally damaged cells and could rescue cells from 
damage or death in disease states. In fact, the secretion 
of growth factors such as NGF or BDNF from trans- 
planted HiB5 neural cell lines can protect striatal 
neurons from excitotoxic damage (30). In vitro, growth 
factors such as BDNF (1) have been shown to enhance 
the differentiation of neuronal phenotypes from stem 
cells. In addition, hNGF secreted from encapsulated 
cells will induce hypertrophy and sprouting of the 
endogenous population of neurons (24) and NGF se- 
creted from fibroblast cell lines will protect against 
excitotoxic damage such as quinolinic acid lesions 
(11-14, 39). 

To date, genetic modification of neural cells suffers 
from problems of toxicity, genetic instability, and inad- 
equate transfection or infection efficiency. These inher- 
ent problems make the application of genetically modi- 
fied stem cells for transplantation difficult. However, 
isolation of neural stem cells from transgenic mice in 
which promoter elements direct the expression of a 
gene of interest provides a more stable and efficient 
method of genetic modification (18). In the work de- 
scribed here, EGF-responsive stem cells have been 
generated from transgenic animals in which the GFAP 
promoter directs expression of hNGF. Upon differentia- 
tion, these stem cells are induced to form mature 
astrocytes which secrete bioactive hNGF. We have used 
these cells for transplantation into the adult rat stria-^ 
turn. These grafts prove to be functional since they 
secrete NGF in vivo which induces the hypertrophy and 
sprouting of the endogenous cholinergic neurons within 
the rodent forebrain. 



METHODS 

GFAP-hNGF Construct 

Materials, All enzymes were purchased from Boeh- 
ringer Mannheim (New York, NY). The cloning vectors 
pBS-KS(+), pUC18, and pcDNAl/Neo were obtained 
from Stratagene (La Jolla, CA), Boehringer Mannheim, 
and Invitrogen (La Jolla, CA), respectively. G418 and 
Dulbecco's modified Eagle medium (DMEM) were from 
Gibco (Grand Island, NY). The calcium phosphate 
transfection kit was purchased from CloneTech (San 
Diego, CA). 



.Construction of the pGFAP-DHFR-l-hN GF exp res . 
sion vector The pGFAP-DHFR- 1-hNGF expression 
vector was generated through a three-step cloning 
process involving the construction of three intermedin ' 
ary cloning vectors: pBS(DX-B)-GFAP-rI2-MPi j 
p NUT-MPl-rI2-DSan-PacI-AscI, and pGFApJ 
DHFR-1. Briefly, the pBS-KS(+) plasmid was digested 
by BamYLl and Xhol, overhanging termini were filled in 
with DNA polymerase I (Klenow fragment), and the 
resultant plasmid was self-ligated. The resulting pl as . 
mid pBS(DX-B) was digested by Notl and ligated to a 
2964-bp fragment isolated from pGFAP-rI2-MPl-PA2 
that was digested by Bglll, Klenow filled in, and ligated 
to a Notl linker. The resulting plasmid was named as 
P BS(DX-B)-GFAP-rI2-MPl. The pNUT-MPl-rI2 was 
EcoBl digested and overhanging termini were filled in 
with DNA polymerase I (Klenow fragment) and ligated 
to a Pad linker. A 3216-bp SalVBamHI fragment 
containing the MP1 and pUC18 regions isolated from 
the above resulting plasmid pNUT-MPl-rI2-PctcI was 
ligated to a 3083-bp SalVBamHI fragment containing 
the DHFR, MT-1, and rI2 regions isolated from pNUT- . 
MPl-rI2-DSaZI. The resulting plasmid pNUT-MPl- 
rI2-DSa/I-PacI was then Sail digested and then over- 
hanging termini were filled in with DNA polymerase I 
(Klenow fragment), ligated to an AscI linker, and 
self-ligated generating the final intermediary cloning 
vector P NUT-MPl-rI2-DSa/I-PacI-AscI. A 5438-bp 
NotVBamHl fragment isolated from pNUT-MPl-I2- 
DSaZI-PacI-AscI was ligated to a 2434-bp NotVBamHl 
fragment isolated from P BS(DX-B)-GFAP-rI2-MPl. 
The resulting plasmid was named pGFAP-DHFR-1. 
The pGFAP-DHFR- 1-hNGF expression vector was con- 
structed by subcloning a 2508-bp fragment containing 
the hNGF from pcDNAl/Neo/hNGF into the pGFAP- 
DHFR-1 intermediary cloning vector (Fig. 1). The result- > 
ing plasmid pGFAP-DHFR- 1-hNGF was sequenced in 
order to verify the hNGF insertion orientation. 
- . In order to verify the functionality of the construct, 
C6 glioma cells (1 X 10 6 ) were transfected with 10 jig of 
pGFAP-DHFR- 1-hNGF plasmid and 1 pig of pcDNAl/ 
Neo plasmid using the calcium phosphate kit from 
CloneTech. Forty-eight hours after transfection, the 
culture medium was supplemented with 1 mg/ml of 
G418. Stably transfected cells were maintained in 
medium containing 1 mg/ml of G418. Bioactive hNGF 
secretion from these cells was determined by ELISA 
and PC12 neurite outgrowth. 

Transgenic Mouse Production 

The 7695-bp DNA fragment containing the GFAP- 
rI2-hNGF-MPl and SV40-mDHFR-HBV3' sequences 
was generated by Pad and AscI digestion and size 
selected by agarose electrophoresis (29). DNA was 
purified by the p-agarose treatment method according 
to the manufacturer's instructions. Transgenic mice 
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FIG. 1. GFAP-DHFR-hNGF expression vector used for the generation of transgenic mice. The GFAP promoter is fused to the hNGF 
coding sequence. The mutant DHFR driven by the SV-40 promoter allows for amplification of this construct. 



were produced according to standard techniques. Ap- 
proximately 2 pi of DNA solution was microinjected 
into the male pronucleus of fertilized eggs obtained 
from the mating of FVB/N mice. The injected eggs were 
then transplanted into pseudo-pregnant females. Inte- 
gration of the transgene into the mouse genome was 
determined by PCR using unpurified DNA extracts 
from tissue digests according to the method of Hanley 
and Merlie (19). After removal of the striata from each 
fetus the remaining brain tissue was used for the DNA 
digest. The PCR primers used for transgenic determina- 
tion were 5'-TGC TCG CGG GGATCT CTG CAG GTC 
GGTCGACAA-3' and5'-ATACAC TGTTGTTAATGT 
TCACCT CTC CCAACACCA-5'. Tissue for cell culture 
was isolated from fetuses as described below. 

Stem Cell Isolation and Culture 

Stem cells were isolated from the striata of E14.5- 
E15.5 mice as previously described (36). Briefly, striata 
W :re removed from each fetus and mechanically disso- 
ciated using a fire-polished pipette. Separate cultures 
were generated from each fetus. Cell suspensions were 
grown in N2, a defined DMEM:F12-based (Gibco) me- 
dium containing 0.6% glucose, 25 /xg/ml insulin, 100 
/ig/ml transferrin, 20 nM progesterone, 60 ]M putres- 
cine, 30 nM selenium chloride, 2 mM glutamine, 3 mM 



sodium bicarbonate, 5 mM Hepes. This medium was 
supplemented with 20 ng/ml murine EGF (Collabora- 
tive Research). Typically, the cells grew in clusters 
which were passaged by mechanical dissociation ap- 
proximately once each week and reseeded at approxi- 
mately 60,000-75,000 cells/ml. 

Stem cells were differentiated by initially plating on 
polyornithine-coated glass coverslips. In these experi- 
ments'; stem cells were plated as clusters or as a single 
cell suspension. To induce differentiation, EGF was 
removed from the growth medium and the medium was 
supplemented with 1% FBS (Gibco). Cells were cul- 
tured for 5-10 days before fixation for immunocytochem- 
istry. 

Bioassay for hNGF 

To assay hNGF output from the individual stem cell 
cultures, the cells were first differentiated in FBS as 
described above. Stem cells were plated as clusters on 
polyornithine-coated plastic culture dishes. The cells 
were grown in N2 defined medium supplemented with 
1% FBS for either 1 or 2 weeks and were fed twice each 
week. At the designated time points, the conditioned 
medium (3 day conditioned) was removed and used for 
the bioassay. The cultures were then placed in PC-1 
defined medium (BioWhitaker) for 24 h. At the end of 
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this pulse the PC-1 medium was removed and the 
hNGF levels were determined by ELISA. The number 
of cells in each culture was then determined by trypsin- 
izing the cells , and counting them with a hemacytom- 
eter. 

The conditioned medium was used to induce PC 12a 
cell neurite outgrowth. In these assays, PCl2a cells 
were plated at 25,000 cells/cm 2 in DMEM (Gibco) 
supplemented with 10% FBS. The next day the medium 
was removed and replaced with a 1:1 mix of DMEM 
with 10% FBS and the conditioned medium from the 
stem cell cultures. The PC 12a cells were then evalu- 
ated at 24 and 48 h to determine extent of neurite 
outgrowth. Outgrowth was scored qualitatively and 
compared to cultures which received recombinant NGF 
(Boehringer, Mannheim). These data were only used to 
determine if the secreted NGF was bioactive, rather 
than to quantify the extent of bioactivity. 

Immunocytochemistry 

The stem cell cultures were fixed for 10-20 min at 
room temperature with 4% paraformaldehyde and then 
washed three times in 0.1 M PBS, pH 7.4. The cultures 
were then permeabilized using a 2-min incubation in 
100% EtOH and washed again with 0.1 M PBS. Cul- 
tures were then incubated in 5% NGS (normal goat 
serum) in 0.1 M PBS with 1% Triton X-100 (Sigma) for 1 
h at room temperature. Primary antibodies were di- 
luted in 1% NGS + 1% Triton X-100 for 2 h at room 
temperature. The cultures were washed in PBS and 
incubated with secondary antibodies diluted in 1% 
NGS with 1% Triton X-100 for 30 min at room tempera- 
ture in the dark. 

The primary antibodies used were: Nestin, 1:500 
(rabbit polyclonal, generously provided by R. McKay); 
0 4 , 1:25 (monoclonal, Boehringer Mannheim); (B- 
tubulin, 1:1000 (monoclonal, Sigma); and GFAP, 1:500 
(polyclonal, DAKO). The secondary antibodies jised in 
these experiments were goat anti-mouse-FITC"(l'rl28) 
and goat anti-rabbit-TRITC (1:80) (both from Sigma). ' 



injections of 1 mg/kg cyclosporin. After 2 weeks, C y c ]\ 
sporin injections were replaced by oral immunosuppJ^' 
sion (Neoral, Sandoz). All experimentation was J 
ducted in accord with NIH guidelines. n ' 

Surgery 

Rats were anesthetized with sodium pentobarbital' 
(45 mg/kg, ip) and positioned in a Kopf stereotaxic 
instrument. A midline incision was made in the scalnl 
and a hole was drilled for the injection of cells into the^ 
striatum. Rats received unilateral implants into theV 
•left striatum using a glass capillary attached to a 10-/^ 
Hamilton syringe, at two sites with control stem cells 
(cell line 74-43, n = 8) or GFAP-hNGF stem cells (cell 
line 74-61, n = 8). The stereotaxic coordinates for im- 
plantation were: +0.2 mm anterior to Bregma, 3.2 mm 
lateral to the sagittal suture, and 5.4 mm below the 
cortical surface; and -0.2 mm posterior to Bregma, 3.2 . 
mm lateral to the sagittal suture, and 5.4 mm below the > 
cortical surface (35). The cells were unilaterally in- ,■ 
jected in two 1.0-^1 deposits at each injection site by 
injecting one deposit at 5.4 mm and another at 4.9 mm 
ventral from the cortical surface, and then 1 min of : 
diffusion time was allowed after the first injection and 
an additional 3 min of diffusion time was allowed after 
the final injection. Each animal received a total of 1 
250,000-500,000 cells in a total volume of 2 jxl Cells 
were transplanted 1-2 days after passaging and the 
cell suspension was made up of undifferentiated stem 
cell clusters of 5-20 cells. In this experiment stem cells > 
were implanted at passage 34 (control) or passage 35 
(GFAP-hNGF). Following implantation, the skin was 
sutured closed. 

Histology 



NGF ELISA 

Quantitation of hNGF released from differentiated 
GFAP-hNGF cells was performed as described previ- 
ously (24). 

Animal Subjects 

Adult male Sprague-Dawley rats (Taconic Breeders, 
Germantown, NY) approximately 3 months old and 
weighing 300-350 g were used in these studies. The 
animals were housed in groups of three to four in a 
temperature- and humidity-controlled colony room 
which was maintained on a 12-h light/dark cycle with 
lights on at 0700 h. Food and water were available ad 
libitum throughout the experiment. Beginning 1 day 
before transplantation, all animals received daily ip 



Animals from the initial experiment were transcardi- 
ally perfused using a peristaltic pump with 20 ml saline 
followed by 500 ml of 4% paraformaldehyde. All solu- 
tions were ice cold (4°C) and prepared in 50 mM PBS 
(pH 7.4). Brains were removed following fixation, placed 
in 25% buffered sucrose (pH 7.4), and refrigerated for 
approximately 48 h. Sections throughout the entire 
striatum were cut at 40-^m intervals on a cryostat and 
stored in a cryoprotectant solution. Adjacent sections 
through the striatum were processed for the immunocy- 
tochemical localization of choline acetyltransferase 
(ChAT; 1:1000, Chemicon) as previously described (11, 
25) using the labeled antibody procedure (21). One 
series of sections was stained for glutamic acid decarbox- 
ylase (GAD; 1:7500, Oncogene) with nickel intensifica- 
tion using a modification of the above procedure (see 25 
for details). Another series of sections was stained 
using M2, a mouse-specific marker (generously pro- 
vided by Dr. Carl Lagenaur; 1:20 or 1:50). All immuno- 
histochemical reactions were terminated by three 1- 
min rinses in PBS. Sections were mounted, dehydrated, 
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and cover slipped. Control sections were processed in an 
identical manner except the primary antibody solvent 
or an irrelevant IgG was substituted for the primary 
antibody. It is important to note that even though 
staining was eliminated in sections in which the pri- 
mary antibody was deleted or an irrelevant IgG was 
substituted, the potential for antiserum to react with 
structurally related proteins cannot be excluded. Thus, 
a degree of caution which is inherent to immunohisto- 
chemical procedures is warranted. In this regard, the 
terms ChAT, GAD, or GFAP immunoreactivity in this 
study refers to -"like" immunoreactivity (IR). A sepa- 
rate series of sections through the striatum were 
stained for NADPH-diaphorase (NADPH-d; Sigma) as 
described previously (2). Adjacent sections were stained 
for Nissl to aid in cytoarchitechtonic delineation. 

Nerve growth factor antibody production and charac- 
terization. We used a polyclonal antibody directed 
against mouse NGF to determine spread of this neuro- 
trophin from grafted cells and to examine the . potential 
uptake of graft-derived hNGF within host striatal 
neurons. Antibody production and characterization have 
been reported previously (7, 8, 24, 33). 

Nerve growth factor-like immunohistochemistry. 
Animals were prepared for NGF immunocytochemis- 
try. These animals were perfused transcardially with 
cold 0.9% saline followed by fixation with 2% parafor- 
maldehyde + 0.2% parabenzoquinone in 0.1 M phos- 
phate buffer (pH 7.4; see 7, 8, 33). Histological sections 
were then processed for NGF-like immunohistochemis- 
try with a rabbit polyclonal antibody against mouse 
p-NGF according to a modification of our previously 
described procedure (7, 8, 24, 33). Immunocytochemical 
controls were included as described previously (24). 

Quantitative Morphometric Analysis 

Morphometric analysis of cell area was carried out 
using the NIH Image analysis system. Coronal sections 
through the striatum at the level of the graft were 
analyzed. Every ChAT- or GAD-immunoreactive neu- 
ron within the striatum of each analyzed section was 
measured using a computer mouse to manually trace 
the borders of the immunoreactive perikarya. The size 
of the cell soma of ChAT or GAD neurons within the 
striatum of each section analyzed was quantified by an 
individual blinded to the animal's experimental condi- 
tion. 



RESULTS 

GFAP-hNGF Transgenic Animals 

For these experiments, transgenic mice were gener- 
ated by microinjection as described under Methods. 
The DNA construct consisted of the hGFAP promoter 
driving expression of the hNGF gene, as shown in Fig. 



1. All of the fetuses (transgenic and nontransgenic) 
were anatomically indistinguishable. Of the 82 fetuses 
examined, 20 (24%) were positive for the transgene by 
PCR. Individual EGF-responsive stem cell cultures 
were generated from the striata from each fetus. Stem 
cell-derived astrocytes from these fetuses displayed 
varying levels of hNGF secretion, as described below. 

Isolation and Characterization of EGF -Responsive 
Stem Cells from GFAP-hNGF Transgenic Mice 

The striatum was isolated from individual transgenic 
animals as described under Methods. The striata were 
dispersed into a single cell suspension and the cells 
were seeded in EGF-containing medium. Within 5-7 
days, the cells proliferated, forming clusters of cells 
which appeared identical to the EGF-responsive stem 
cells isolated from nontransgenic controls. After about 
1 week in vitro, the clusters were mechanically dissoci- 
ated and the single cells grew into clusters, again. 
Individual stem cell cultures from both transgenic and 
control animals were passaged about once per week. 
Analysis of cell number and cell division ensured that 
the clustering of the cells was the result of proliferation 
rather than aggregation. Cells isolated from GFAP- 
hNGF mice or from control littermate animals doubled 
every 1.2-2,8 days without differences between the 
proliferation rate of the transgenic and control ani- 
mals. In addition, stem cell clusters isolated from both 
transgenic animals and control animals were immu- 
nopositive for nestin, an intermediate filament protein 
(Fig. 2A) in neural stem cells (27). 

Neural stem cells from several of the GFAP-hNGF 
lines were also assessed for their ability to differentiate 
into all of the major neural phenotypes (neurons, 
astrocytes, and oligodendrocytes). In these experi- 
ments differentiation was induced by culturing the 
cells on polyornithine, removing EGF, and adding 1% 
-IJBS. As demonstrated in Figs. 2B-2D, positive immu- 
noreactivity was found using antibodies which recog- 
nize neurons (p-tubulin), astrocytes (GFAP), and oligo- 
dendrocytes (04). These data indicate that the stem 
cells derived from the transgenic animals are multipo- 
tent. Furthermore, this multipotentiality was observed 
in cells which had been passaged as many as 25 times 
(Figs. 2B-2D). 

The ability of the differentiated cells to express 
hNGF was also examined. Because hNGF expression is 
driven by the GFAP promoter, hNGF is predicted to be 
expressed by the differentiated astrocytes. In these 
experiments, the individual stem cell cultures were 
induced to differentiate as described under Methods. At 
either 1 or 2 weeks postdifferentiation, the conditioned 
medium from each of the cultures was evaluated for 
hNGF by ELISA. Expression levels ranged from ap- 
proximately 0.1 to 2.0 ng/ml/50,000 cells/24 h (Table 1). 
Furthermore, conditioned medium from the differenti- 
ated stem cells induced neurite outgrowth from PC 12 
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A. Nestin 




FIG. 2. Immunocytochemical characterization of stem cells derived from transgenic mice expressing GFAP-hNGF. (A) Nestin staining of 
undifferentiated GFAP-hNGF stem cells. Upon differentiation, these cells generate astrocytes (B), neurons (C), and oligodendrocytes (D). 
Stem cells were induced to differentiate by culturing them in N2 supplemented with 1% FBS for about 1 week. Note that multipotentiality of 
these cells is maintained over time, Panels (B-D) are from cells passaged 23-25 times. 



cells (Table 1 and Fig. 3), indicating that the .hNGF 
secreted by these cells in vitro is bioactive. Human 
NGF secretion is detectable after passaging the stem 
cells more than 25 times, suggesting that the cells 
retain a high level of genetic and phenotypic stability 
(Table 2). In particular, Table 2 shows the hNGF output 
from the cell line which was subsequently used for 
transplantation into rat striatum. With increasing pas- 
sage, the levels of hNGF from differentiated astrocytes 
remained high, and up to 2 weeks postdifferentiation 
similarly high levels of NGF were secreted (in contrast 
to many viral vectors). Although the levels of hNGF 
secretion vary somewhat, they do not appear to decline 
with increasing passage. In fact, the highest values of 
hNGF secretion were from cells passaged 28 times. 
Even after cryopreservation, the stem cell-derived astro- 
cytes also secrete hNGF (data not shown), indicating 
the stability of the transgene. 

The hNGF output of undifferentiated stem cells has 
also been measured (Table 3). In most cultures, the 



NGF levels are not detectable. However there are a few 
cell lines which have measurable levels of hNGF secre- 
tion. This may result from a subpopulation of cells 
which are differentiating toward an astrocyte lineage 
and are expressing GFAP. It is also possible that the 
expression of NGF from the GFAP-hNGF transgene is 
seen somewhat earlier than the endogenous GFAP 
gene. 

The constructs used to generate the GFAP-hNGF 
mice contain the mutant dihydofolate reductase gene 
(DHFR). We attempted to increase NGF secretion 
levels in these cells using MTX selection. In these 
experiments, GFAP-hNGF cell lines 74-46 and 74-61 
were selected with either 200 nM MTX or 1 jxM MTX. 
Selection continued for at least 2 months before assess- 
ing NGF output by the stem-cell-derived astrocytes. 

NGF output from cell line 74-46 increased approxi- 
mately 9- to 16-fold upon selection with 200 nM and 1 
jiM MTX selection (data not shown). However, cell line 
74-61 NGF output did not show a significant increase 
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£/7ecfc? ofhNGF stem cell implants upon the size of 
striatal neurons. Cellular delivery of NGF has been 
previously demonstrated to induce hypertrophy and 
sprouting of cholinergic neurons (23). To determine if 
the hNGF secreted from the grafted stem cells induced 
this type of effect, ChAT IR was examined. ChAT-IR 



neurons were observed bilaterally scattered through- 
out the striatum; this staining pattern was eliminated 
following deletion or substitution for the primary anti- 
body. ChAT-IR neurons were rounded and multipolar 
displaying a morphological profile consistent with iden- 
tification as cholinergic interneurons (e.g., 23). 
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The transplant procedure itself did not influence the 
ie 0 f cholinergic striatal interneurons. The size of 
ChAT-IR striatal neurons ipsilateral to control stem 
^11 implants was similar to that seen on the intact, 
non grafted side (Figs. 7A and 7E). In contrast, rats 
receiving grafts of stem cells genetically modified to 
secrete hNGF displayed a significant hypertrophy of 
striatal ChAT-IR perikarya ipsilateral to the implant 
relative to animals receiving identical grafts of control 
cells (Figs. 7B and 7F). A different score analysis with 
regard to cross-sectional area of ChAT-IR neurons 
revealed that cholinergic striatal neurons were signifi- 
cantlv larger in NGF-grafted animals relative to the 
intact side (P(f 1,3) = 3.17; P < 0.05) (Fig. 8). 

GABAergic neurons were also examined for possible 
hypertrophy induced by the hNGF. GAD-IR (Figs. 7C 
and 7D)-positive neurons were observed scattered 
throughout the striatum bilaterally in all animals in a 
pattern similar to that seen previously (11, 24). Quanti- 
tative evaluation of cell size for GAD-IR-positive cells 
revealed that these cells were unaffected following 
implants of hNGF-secreting stem cells (Fig. 8). 

Graft-derived sprouting of p75 NTR 4mmunoreactiue 
fibers. - Within the host forebrain, p75 NTR -IR was local- 
ized exclusively within basal forebrain perikarya in a 
pattern similar to what has been described previously 
(e.g., 22, 23). Deletion or substitution of the primary 
antibody resulted in the elimination of specific stain- 
ing. In every rat receiving implants of hNGF-secreting 
stem cells, a collection of p75 NTR -immunoreactive fibers 
was observed encompassing the implant site (Figs. 
9A-9C). This was true for rats sacrificed both 1 and 3 
weeks posttransplantation. In contrast, no such stain- 
ing pattern was present in any rat receiving control 
stem cell implants (Fig. 9D). In hNGF-grafted rats, 

TABLE 2 



hNGF Output from GFAP-hNGF-Derived Astrocytes 



Cell line 


Passage 


Assay time 
point (week) 


hNGF 
(pg/50K cells) 


74-61 


1 


1 


2282 


74-61 


1 


2 


2188 


74-61 


12 


1 


603 


74-61 


12 


2 


486 


74-61 


18 


1 


2743 


74-61 


18 


2 


2045 


74-61 


18 


4 


3110 


74-61 


23 


2.5 


3331 


74-61 


28 


1 


9720 


74-61 


28 


2 


6227 



Note. Stable secretion of hNGF from a single stem cell line 
generated from a GFAP-hNGF transgenic mouse. This cell line was 
passaged 28 times and still demonstrated significant hNGF output. 
Differentiation of these cells results in astrocyte formation and the 
activation of the GFAP promoter directing hNGF expression. Values 
indicate output for 24 h. 



TABLE 3 



hNGF Levels in Conditioned Medium from Undifferentiated 
GFAP-hNGF Stem Cells 



V_/Cll 11 lie 




Genomic 
PCR 


hNGF 

(Off) 


Days of 
conditioning 


74-43 


11 




o 


7 


74-44 


9 




o 


7 


74-8 


36 




o 


7 


74-16 


12 


+ 


126 


3 


74-16 


35 


+ 


0 


8 


74-29 


32 


+ 


0 


7 


74-45 


10 


+ 


0 


8 


74-46 


11 


+ 


2320 


7 


74-48 


10 


+ 


0 


7 


74-49 


10 


+ 


0 


7 


74-55 


10 


+ 


0 


7 


74-58 


10 


+ 


0 


7 


74-59 


10 


+ 


0 


8 


74-61 


11 


+ 


4324 


7 


74-63 


10 




0 


7 



Note. Human NGF secretion from undifferentiated stem cells 
derived from transgenic mice in which the GFAP promoter directs 
expression of hNGF. Neural stem cells were maintained in defined 
medium containing EGF for the number of days indicated. The 
conditioned medium was then assayed for hNGF by ELISA. 



p75 NTR -IR fibers surrounded the graft site and contin- 
ued to traverse dorsally up the needle tract (Fig. 9C). 
These fibers did not stain for dopamine-(3-hydroxylase 
(data not shown) ruling out the possibility that this 
innervation could result from ingrowth of sympathetic 
fibers which are also immunoreactive for p75 NTR . Rather, 
these fibers appeared to emanate from p75 NTR -IR cholin- 
ergic neurons located within the adjacent basal fore- 
brain. Indeed, processes from cholinergic basal fore- 
brain neurons projected toward and into the perigraft 
region (Fig. 9A). In rats sacrificed 3 weeks posttrans- 
plantation, there was a slight decrease in the density of 
pTS^-IR fibers surrounding the graft; however, numer- 
ous p75 NTR -IR fibers were still evident. 

DISCUSSION 

The transplantation of neural stem cells offers an 
opportunity to protect endogenous cells and facilitate 
cell repair or replacement. In addition, genetic modifica- 
tion of these cells will facilitate the parenchymal deliv- 
ery of growth factors. The genetic modification of 
neural stem cells by traditional methods is hindered by 
the difficulties in gene stability and transfection effi- 
ciency. Furthermore, upon transfection or infection, 
stem cells may not remain pluripotential or may be 
fundamentally altered (16). The use of transgenic mice 
to control expression of the gene of interest avoids these 
problems. In the present studies we generated trans- 
genic mice in which the GFAP promoter directs the 
expression of hNGF. The use of the GFAP promoter 
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A, 




*L f. 




J^IVfa^I^ of M2-immunostained sections illustrating the presence of dense clusters of 

surviving GFAP-hNGF stem cells 3 weeks after transplantation. Scale bar in C, 500 ftm in A; 100 fim in B and C; and 67 in D. 
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FIG. 5. NGF-immunostained sections through the striatum of stem cell grafted rats. (A) Note the absence of staining m a rat ~g an 
implant of control (non-NGF secreting) stem cells (arrows). (B) Low-power photomicrograph of a dense cluster of genetically modified grafted 
stem cells which express NGF immunoreactivity in vivo and were sacrificed 1 week posttransplantation. (C) Higher power view of the same 
Sib £ as in B iUustrating that virtually every cell expresses NGF immunoreactivity. (D) Low and (E) high .power j^cro^ 
illustrating that fewer grafted stem cells express NGF-IR 3 weeks posttransplantabon. Scale bar in A, 250 „m in A; 100 „m in B and D, and 50 
/*m C and E. 
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FIG. 6. Low-power photomicrographs of NGF-immunostained sections from rats receiving (A) control or (B) hNGF-secreting stem cell 
implants and sacrificed 1 week posttransplantation. (A) Note the absence of NGF-IR within and around the graft site (arrow). In contrast, 
endogenous NGF-IR can be discerned in this animal within the septal/diagonal band complex. (B) In a rat receiving genetically modified stem 
cells, NGF-IR can be seen within the graft and a halo of graft-derived NGF secreted into the host striatum can be seen (arrowheads). (C) At 
higher magnification, the halo of graft-derived NGF can be seen (arrowheads). Within the striatum, host striatal neurons appear to have taken 
up graft-derived hNGF and transported this neurotrophin back to the cell soma. (D) The intensity of NGF-IR within the host was diminished 
in rats receiving stem cell implants and sacrificed 3 weeks posttransplantation. NGF-IR striatal perikarya could still be observed at this time 
point. (E and F) High-power photomicrographs of host striatal neurons from rats sacrificed at (E) 1 and (F) 3 weeks posttransplantation, these 
cells display the characteristic granular staining pattern of neurons which retrogradely transport NGF. Scale bar in A, 1000 pm in A and B; 100 
lira in C and D; and 50 //m in E and F. 



allows cell-specific expression of the growth factor in 
astrocytes. Although endogenous mouse GFAP expres- 
sion is not detected until E16.5 (3, 20), the GFAP-lacZ 
transgene has been detected as early as E12.5 (4). 
Therefore, it is possible that hNGF is secreted before 
harvesting EGF-responsive stem cells at E15. However, 



endogenous hNGF expression does not appear to inter- 
fere with the normal development of the embryos or 
acquisition of multipotential neural stem cells. 

EGF-responsive neural stem cell lines were obtained 
from a number of founders with chimeric expression of 
the GFAP-hNGF construct. The stem cells appeared 
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FIG. 7. ChAT (A,B,E,F) and GAD (C,D)-immunostained sections from rats receiving intrastriatal stem cell implants. Note the 
hypertrophy of ChAT-IR neurons in rats receiving stem cell grafts which were genetically modified to secrete hNGF (B,F) relative to rats 
receiving control (non-hNGF secreting) stem cell implants (A,E). In contrast, GAD-IR striatal neurons were similar in size in rats receiving 
control (C) or hNGF (D)-secreting stem cell grafts. Scale bar in C, 250 /*m in A-D and 50 fim in E and F. 



similar to stem cells generated from littermate control 
animals as evidenced by their similar proliferation 
rates and pluripotentiality. Upon differentiation, cell 
lines generated from different founder animals showed 
varying levels of hNGF expression. In addition, detect- 
able levels of hNGF were found in conditioned media 
from some of the undifferentiated GFAP-hNGF stem 
cell lines. These cultures contain a diversity of cell 
types, including progenitor cells or astrocyte precursor 
cells. As the clusters of cells grow in size, the cells which 
reside in the interior of the cluster are likely to begin 
differentiating, in part, because they are no longer 
exposed to the EGF in the medium. It is likely that the 
hNGF detected in these cultures is the result of a GFAP 
promoter activity in differentiated astrocytes or astro- 
cyte precursors within the stem cell cultures. Although 
GFAP is not detected immunocytochemically in the 



undifferentiated cultures, there may be a low level of 
GFAP expression which is not detected using immuno- 
staining. This small population of cells may exhibit 
GFAP expression from the endogenous gene and hNGF 
expression from the transgene. The NGF detected in 
these experiments is not due to the secretion of murine 
NGF by the cultured cells because the ELISAis specific 
for human NGF. Therefore, the levels of hNGF must be 
the result of transgene expression in this heteroge- 
neous population of cells. In situ hybridization studies 
would allow the determination of which cells in these 
cultures are expressing hNGF. 

As the stem cells were passaged, the multipotential- 
ity of the cells appeared to change. Qualitative observa- 
tions suggest that the number of neurons formed upon 
differentiation decreased after about passage 15-20. 
Although neurons could be identified as late as passage 
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FIG. 8. Quantitation of hypertrophy of cholinergic striatal neu- 
rons following implants of GFAP-hNGF or control stem cells. Grafts 
of GFAP-hNGF cells induced significant hypertrophy in endogenous 
cholinergic neurons, but not in GABAergic neurons. *P < 0.05. 



23 (Fig. 2B), the percentage of neurons within the total 
population appeared to decrease. This observation was 
noted in stem cells generated from both control animals 
and transgenics. Although the percentage of neurons 
diminished with increasing passage number, the per- 
centage of cells which differentiated into astrocytes 
appeared similar in control and transgenic animals. In 
addition, hNGF secretion from the astrocytes derived 
from transgenic animals did not appear to decrease as 
the cells were passaged; in fact, the hNGF secretion 
(hNGF secreted per cell) appears to increase with 
passage number. Cells were passaged as many as 35 
times and, upon differentiation, showed bioactive effi- 
cacy. Furthermore, cells which were cryopreserved and 
subsequently thawed also demonstrated reliable hNGF 
secretion (unpublished observations) similar to cells 
which were not previously frozen. 

After transplantation into adult rat striatum, both 
control and transgenic stem cells formed dense grafts 



which demonstrated significant survival. All of the 
animals were immunosuppressed throughout the course 
of the experiment which undoubtedly facilitated the 
survival of these xenografts. It is not clear if prolonged 
immunosuppression is necessary for graft survival 
although we are currently investigating the effects of 
different immunosuppression protocols. In addition 
using microtransplantation techniques in which there 
is very little damage to the host probably reduced the 
host-graft reaction. 

Although the stem cells survived well, they did not 
appear to migrate extensively. This limited migration is 
likely due to the host environment, rather than to the 
inability of the cells to migrate. It is recognized that the 
developing environment is more permissive for the 
migration of implanted cells (5, 6, 34). Stem cells 
transplanted into the embryonic (44) or the neonatal 
(45) brain have shown extensive migration. In the adult 
mouse brain, the rostral migratory pathway seems to 
be an exception where migration is permitted for 
transplanted cells (40). EGF-responsive stem cells la- 
beled with [ 3 H]thymidine before transplantation into 
the adult striatum showed labeled cells throughout the 
striatum, but differentiation of these cells was not 
detected (45), indicating that undifferentiated cells 
may migrate more efficiently. Furthermore, endog- 
enous stem cells can be induced to proliferate and 
migrate in the adult mouse by the intraventricular 
infusion of EGF (9). Therefore, transplanted stem cells 
appear capable of migration in adult CNS if provided 
with the appropriate environmental cues. In the experi- 
ments described here, the EGF-responsive stem cells 
have been transplanted into the adult CNS, an environ- 
ment which is thought to be inhibitory to migration. 
This finding is consistent with experiments in which 
rat-derived EGF-responsive stem cells were implanted 
into 6-OHDA-lesioned rats (adult) and demonstrated 
minimal migration (41). 

In vitro, EGF-responsive stem cells can differentiate 
into neurons, astrocytes, and oligodendrocytes. How- 
ever, transplantation of these cells into the adult rat 
CNS results in the formation of astrocytes (45). In the 
experiments presented here, immunocytochemistry for 
the mouse-specific glial marker M2 was used to deter- 
mine the extent of the graft. Although immunocytochem- 
istry with M2 precludes identification of these cells as 
oligodendrocytes or astrocytes, it is most likely that the 
majority of the cells in these experiments have differen- 
tiated into astrocytes based on the expression of the 
hNGF transgene from the astrocyte-specific GFAP pro- 
moter. 

Upon differentiation in vitro, the GFAP-hNGF- 
derived astrocytes secreted bioactive hNGF as evi- 
denced by the induction of neurite outgrowth in PC12 
cells. In addition, a halo of strong NGF immunoreactiv- 
ity was seen at the implant site 1 week posttransplanta- 
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FIG. 9. p75 NTR -immunostained sections through the striatum of rats receiving hNGF-secreting (A-C) or control (D) stem cell implants. (A 
and B) A fine network of p75 NTR -IR fibers surround the hNGF-secreting stem cell implants 1 week following implantation. Note the presence of 
two pTS^-IR interstitial neurons within the nucleus basalis proximal to the graft site (arrows). (C) This p75 NTR -IR fiber staining pattern was 
still evident 3 weeks posttransplantation. (D) In contrast, no pTS^-IR fibers were seen proximal to a control stem cell graft. Scale bar in D, 
100 fim inA-D. 



202 CARPEN1 

tion, which decreased somewhat by 3 weeks posttrans- 
plantation. M2 staining at both time points appeared 
similar, indicating that this reduction in staining is not 
due to cell death within the grafts. It is possible that 
GFAP promoter activity is increased by gliosis induced 
by transplantation procedures and that GFAP activity 
is gradually reduced after the initial gliotic reaction to 
the implant directly resulting in a decrease in NGF 
secretion. Longer term studies are in progress to ad- 
dress the continued expression of the NGF once im- 
planted in vivo. It is interesting to note, however, that 
the expression of hNGF in cells which have been 
differentiated in vitro is maintained for as long as 6 
months (M. Carpenter, unpublished observations). 

Grafts of EGF-responsive cells induced a series of 
well-characterized NGF effects including hypertrophy 
of cholinergic striatal neurons, the uptake of graft- 
derived hNGF by host perikarya, and the sprouting of 
fibers emanating from the cholinergic basal forebrain. 
It is likely that these effects are mediated through the 
activation of the trkA receptor which is located within 
the cholinergic striatal and basal forebrain cells. Using 
a polyclonal antibody raised against NGF, we observed 
NGF-IR at both 1 and 3 weeks posttransplantation. 
This antibody only visualizes relatively high titres of 
NGF in vivo (see 23 for discussion) and it is likely that 
the current level of NGF-IR seen in the present study is 
an underestimate of the actual degree of expression. 
Indeed, although NGF-IR was diminished at the later 
time point, a number of lines of evidence suggest that 
bioactive levels of hNGF were still being secreted by 
grafted cells at the time of sacrifice. First, the hypertro- 
phy of cholinergic perikarya persisted for up to 3 weeks 
posttransplantation. We have previously demonstrated 
that NGF-mediated hypertrophy of cholinergic neurons 
in intact rats is dependent upon the continued bioavail- 
ability of NGF (23). After NGF removal, the hypertro- 
phy of cholinergic striatal neurons dissipates. Thiis, the 
continued hypertrophy of ChAT-IR neurons in the 
present study indicates that the continued expression 
of the graft-derived hNGF Second, the classic NGF 
sprouting response seen in pTS^^-IR basal forebrain 
neurons was generally equivalent in rats sacrificed 1 or 
3 weeks posttransplantation. These findings support 
the concept that hNGF expression was sustained in 
these animals for the duration of the experiment. 

The use of neural stem cells for transplantation into 
the CNS offers a number of advantages over transplan- 
tation of primary tissue or other cell lines. Primary 
fetal tissue transplantation relies on the availability of 
tissue, requiring as many as eight fetuses for a single 
transplantation into Parkinson's patients (26). In addi- 
tion, this tissue is only minimally safety tested, result- 
ing in "at risk" transplantation. The use of immortal- 
ized cell lines, such as fibroblast cell lines, introduces 
the risk of tumor formation at the graft site. The use of 
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a stem cell line which will divide continuously in 
and will terminally differentiate into a nonmitotic cefl 
for this type of transplantation resolves both of these 
issues. Upon transplantation, these cells can different, 
ate into all of the major neural phenotypes that app e |j 
upon differentiation in vitro, EGF-responsive stem cells 
will form oligodendrocytes in the md rat and sh p u £ 
dysmyelinating spinal cord (17, 31). These cells will' 
also differentiate into astrocytes in the adult brain and* 
neurons and astrocytes in the neonatal striatum (45). | 

The stable genetic modification of EGF-responsive f 
stem cells allows the transplantation of a multipoten-$ 
tial cell line that can secrete growth factors which will f 
direct differentiation of the cells. It is possible to;* 
engineer stem cells to produce various growth factors or 5 
mitogens under the control of cell-specific promoters. ^ 
The data presented here indicate that EGF-responsive 
stem cells can be isolated from GFAP-hNGF mice and > : 
will remain in an undifferentiated phenotype until t 
induced to differentiate. Upon differentiation, either in ' 
vitro or in vivo, astrocytes derived from these cells will 
produce bioactive hNGF. The genetic modification of 
these cells can be extended to include other growth 
factors. In addition, different cell lines can be combined 
to deliver multiple factors which have synergistic or 
complementary effects. This type of system may allow 
parenchymal delivery of growth factors, and if the cells 
are induced to migrate (perhaps by coexpression of a 
factor that will keep the cells in a migratory state), this ; . 
may allow widespread parenchymal delivery. 

ACKNOWLEDGMENTS 

The authors thank the Central Analytical laboratory and Alice Lee 
at Cytotherapeutics for technical assistance and Dr. Sue Bruhn for 
comments on the manuscript. Supported in part by NS 35708. 



REFERENCES 

1. Ahmed, S., B. A. Reynolds, and S. Weiss. 1995. BDNF enhances 
the differentiation but not the survival of CNS stem cell-derived 
neuronal precursors. J. NeuroscL 15: 5765-5778. 

2. Beal, M. R, N. W. Kowall, K. J. Swartz, R. J. Ferranti, and J. B. 
Martin. 1989. Differential sparing of somatostatin-neuropep- 
tide Y and cholinergic neurons following striatal excitotoxic 
lesions. Synapse 3: 119-130. 

3. Boloventa, P., R. K. H. Liem, and C. A Mason. 1987. Glial 
filament protein expression in astroglia in the mouse visual 
pathway. Dev. Brain Res. 33: 113-126. 

4. Brenner, M., and A. Messing. 1996. GFAP transgenic mice. 
Methods: Companion Methods Enzymol. 10: 351-364. 

5. Briistle, 0., U. Maskos, and R. D. G. McKay. 1995. Host-guided 
migration allows targeted introduction of neurons into the 
embryonic brain. Neuron 15: 1275-1285. 

6. Campbell, K., M. Olsson, and A. Bjorklund. 1995. Regional 
incorporation and site-specific differentiation of striatal precur- 
sors transplanted to the embryonic forebrain ventricle. Neuron 
15: 1259-1273. 



TRANSPLANTATION OF GFAP-hNGF NEURAL STEM CELLS 



203 



7 Connor, J. M„ D. Muir, S. Varon, T. Hagg, and M. Manthorpe. 
1992. The localization of nerve growth-factor like immunoreac- 
tivity in the adult rat basal forebrain and hippocampal forma- 
tion. J. Comp. Neurol 319: 454-462. 

8 Connor, J. M., and S. Varon. 1992. Distribution of nerve growth 
factor-like immunoreactivity in the adult rat brain following 
colchicine treatment. J. Comp. Neurol. 326: 347-362. 

9 Craig, C. G., V. Tropepe, C. M. Morshead, B. A. Reynolds, S. 
Weiss, and D. van der Kooy. 1996. In vivo growth factor 
expansion of endogenous subependymal neural precursor cell 
populations in the adult mouse brain. J. Neurosci. 16: 2649- 
2658. 

10. Duncan, I. D., and E. A. Milward. 1995. Glial cell transplants: 
Experimental therapies of myelin diseases. Brain Pathol 5: 
301-310. 

11. Emerich, D. F., J. R Hammang, E. E. Baetge, and S. R. Winn. 
1994. Implantation of polymer-encapsulated human nerve 
growth factor secreting fibroblasts attenuates the behavioral 
and neuropathological consequences of quinolinic acid injec- 
tions into rodent striatum. Exp. Neurol 130: 141-150. 

12. Frim, D. M., M. P. Short, W. S. Rosenberg, J. Simpson, X. O. 
Breakefield, and O. Isacson. 1993. Local protective effects of 
nerve growth factor-secreting fibroblasts against excitotoxic 
lesions in the rat striatum. J. Neurosurg. 78: 267-273. 

13. Frim, D. M., T. A. Uhler, M. P. Short, Z. D. Ezzedine, M. 
Klagsbrun, X. O. Breakefield, and O. Isacson. 1993. Striatal 
degeneration induced by mitochondrial blockade is prevented 
by biologically delivered NGF. J. Neurosci. Res. 35: 452-458. 

14. Frim, D. M., W. M. Yee, and O. Isacson. 1993. NGF reduces 
striatal excitotoxic neuronal loss without affecting concurrent 
neuronal stress. NeuroReport 4: 655-658. 

15. Gage, F. H., J. Ray, and L. J. Fisher. 1995. Isolation, character- 
ization, and use of stem cells from the CNS. Annu. Rev. 
Neurosci. 18: 159-192. 

16. Gao, W.-Q., and M. E. Hatten. 1994. Immortalizing oncogenes 
subvert the establishment of granule cell identity in developing 
cerebellum. Development 120: 1059-1070. 

17. Hammang, J. P., D. R. Archer, and I. D. Duncan. 1997. Myelina- 
tion following transplantation of EGF-responsive neural stem 
cells in a myelin deficient environment. Exp. Neurol, in press. 

18. Hammang, J. P., B. A. Reynolds, S. Weiss, A. Messing, and I. D. 
Duncan. 1994. Transplantation of epidermal growth factor : 
responsive neural stem cell progeny into murine central ner- 
vous system. Methods Neurosci. 21: 281-293. 

19. Hanley, T., and Merlie, J. P. 1991. Transgene detection in 
unpurified mouse tail DNA by polymerase chain reaction. 
BioTechnique 10: 56. 

20. Hirano, M., and J. E. Goldman. 1988. Gliogenesis in rat spinal 
cord: Evidence for origin of astrocytes and oligodendrocytes 
from radial precursors. J. Neurosci. Res. 21: 155-167. 

21. Hsu, S. M., L. Raine, and H. Fanger. 1981. Use of avidin-biotin 
peroxidase complex (ABC) in immunoperoxidase techniques: A 
comparison between ABC and unlabeled antibody (PAP) proce- 
dures. J. Histochem. Cytochem. 29: 577-580. 

22. Kordower, J. H., R. T. Bartus, M. Bothwell, G. Schatteman, and 
D. M. Gash. 1988. Nerve growth factor receptor immunoreactiv- 
ity in the non-human primate (Cebus apella): Morphology, 
distribution and colocalization with cholinergic enzymes. J. 
Comp. Neurol. 277: 465-486. 

23. Kordower, J. H., V. Carles, R. Bayer, R. T. Bartus, S. Putney, L. 
Walus, and P. M. Friden. 1994. Intravenous administration of 
an NGF conjugate prevents neuronal degeneration in a model of 
Huntington's disease. Proc. Natl. Acad. Sci. USA 19: 9077- 
9080. 



24. Kordower, J. H., E.-Y. Chen, E. J. Mufson, S. R. Winn, and D. F. 
Emerich. 1996. Intrastriatal implants of polymer encapsulated 
cells genetically modified to secrete human nerve growth factor: 
Trophic effects upon cholinergic and noncholinergic striatal 
neurons. Neuroscience 72: 63-77. 

25. Kordower, J. H., E.-Y. Chen, C. Winkler, R. Fricker, V. Charles, 
A. Messing, E. J. Mufson, S. C. Wong, J. M. Rosenstein, A. 
Bjorklund, D. Emerich, J. Hammang, and M. K. Carpenter. 
1997. Grafts of EGF-responsive neural stem cells derived from 
GFAP-hNGF transgenic mice: Trophic and tropic effects in a 
rodent model of Huntington's disease. J. Comp. Neurol, in 
press. 

26. Kordower, J. H., T. B. Freeman, B. J. Snow, F. J. G. Vingerhoets, 
E. J. Mufson, P. R. Sanberg, R. A. Hauser, D. A. Smith, G. M. 
Nauert, D. P. Peri, and C. W. Olanow. 1995. Neuropathological 
evidence of graft survival and striatal innervation after the 
transplantation fetal mesencephalic tissue in a patient with 
Parkinson's disease. N. Engl J. Med. 332: 1118-1123. 

27. Lendahl, U., L. B. Zimmerman, and R. D. G. McKay. 1990. CNS 
stem cells express a new class of intermediate filament protein. 
Cell 60: 585-595. 

28. Lund, R. D., M. B. Houston, C.'F. Lagenaur, H. W Kunz, and 
T. J. Gill. 1989. Cellular events associated with induced rejec- 
tion of neural xenografts placed into neonatal rats brains. 
Transplat. Proc. 21: 3174-3175. 

29. Maniatis, T, E. F. Fritsch, and J. Sambrook. 1982. Molecular 
Cloning: A Laboratory Manual Cold Spring Harbor Laboratory 
Press, Cold Spring Harbor, New York. 

30. Martinez-Serrano, A., and A. Bjorklund. 1996. Protection of 
neostriatum against excitotixic damage by neurotrophic 
producing, genetically modified neural stem cells. J. Neurosci. 
16: 4604-4616. 

31. Milward, E. A., C. G. Lundberg, B. Ge, D. Lipsitz, M. Zhao, and 
I. D. Duncan. 1997. Isolation and transplantation of multipoten- 
tial populations of epidermal growth factor-responsive, neural 
progenitor cells from the canine brain. Proc. Natl Acad. Sci. 
USA, in press. 

32. Morshead, C. M., and D. van der Kooy. 1992. Postmitotic death 
is a the fate of constitutively proliferating cells in the subependy- 
mal layer of the adult brain. J. Neurosci. 12: 249-256. 

33. Mufson, E. J., J. M. Connor, S. Varon, and J. H. Kordower. 1994. 
Nerve growth factor immunoreactive profiles in the primate 
basal forebrain and hippocampal formation. J. Comp. Neurol. 

\341: 507-519. 

34. Olsson, M., K Bjerregaard, C. Winkler, M. Gates, K. Campbell, 
and A. Bjorklund. Specific incorporation of neural progenitors 
injected into the embryonic and perinatal forebrain is depen- 
dent on adhesive and regional properties. [Submitted for publi- 
cation] 

35. Paxinos, G., and C. Watson. 1986. The Rat Brain in Stereotaxic 
Coordinates. Academic Press, San Diego . 

36. Reynolds, B. A., and S. Weiss. 1992. Generation of neurons and 
astrocytes from isolated cells of the adult mammalian central 
nervous system. Science 255: 1707-1710. 

37. Reynolds, B. A., and S. Weiss. 1996. Clonal and population 
analyses demonstrate that an EGF-responsive mammalian 
embryonic precursor is a stem cell. Dev. Biol. 175: 1-13. 

38. Reynolds, B. S., and S. Weiss. 1992. A multipotent EGF- 
responsive striatal embryonic progenitor cell produces neurons 
and astrocytes. J. Neurosci. 12: 4565-4574. 

39. Schumacher, J. M., M. P. Short, B. T. Hyman, X. O. Breakefield, 
and O. Isacson. 1991. Intracerebral implantation of nerve 
growth factor-producing fibroblasts protects against neurotoxic 
levels of excitatory amino acids. Neuroscience 45: 561-570. 



204 



Best Available Copy 



CARPENTER ET AL. 



40. 



41. 



42. 



43. 



SuWn J O., D. A. Peterson, J. Ray, and F. H. Gage. 1996. 
Differentiation of adult hippocampus-derived progenitors into 
oitactory neurons in vivo. Nature 383: 624-627 

Survival and differentiation of rat and human epidermal 
growth factor-responsive precursor cells following grafting into 

376-388 n Central nerV ° US SyStem - EXP Neuro1 137: 

ceUsf ^18:46^67: * ^ ^ St6m 

S S ,l°fih A M B -. A - Re ^ ,ds ' D ' D - Fraser ' and S - W "ss- 1993. 
Basic fibroblast growth factor regulates the proliferative fate of 
both umpotent (neuronal) and bipotent (neuronal/astroglial) 



44. 



45. 



46. 



epWermal growth factor-generated progenitor cells. N eur » n \ 

Winkler, C, R. A. Flicker, M. A. Gates, M Olss™ 
Bjorklund. 1997 Incorporation and glial differentia^^ 
responsive neural progenitor cells after transplantation il 
embryonic rat brain, [submitted] nto 1 

Winkler, C, J. P. Hammang, and A. Bjorklund. 1995 Pre 
responsive neural progenitor cells survive, migrate and rfi'ff ■ 
tote after transplantation into the adult rat stZtnn 
Neurosci. Abstr. 21(3) no. 796. 19. ""Mum. , 

Zhou, H. R, L. H._Lee, and R. D. Lund. 1990. Timing »' 
patterns of astrocyte migration from xenogeneic tranSif > 
the cortex and corpus collosum. J. Camp. Neurol. 292 



FROM BIOMEDICAL INFORMATION SERVICE CFRI) 7. 20' 01 1 2 : 00/ST. 1 1 : 5 5/NO. 4 8 6 2 64 1 6 1 9 P 11 

October 13, 1997 

I Volume 387, Number 1 

The Journal of 

Comparative Neurology 

L." J— . 

\ 

I. Founded 1891 by CL.Henick 




FROM BIOMEDICAL INFORMATION SERVICE 



(FRI) 7. 20' 01 1 2 : 01/ST. 1 1 : 55/NO. 4862641 619 P 12 



THE JOURNAL OF COMPARATIVE NEUROLOGY 387:96-113 (1997) 

Grafts of EGF-Responsive Neural Stem 
Cells Derived From GFAP-hNGF 
Transgenic Mice: Trophic and Tropic 
Effects in a Rodent Model 
of Huntington's Disease 

^^i^ R , KORDOWER, 1 * ER-YUN CHEN, 1 CHRISTIAN WINKLER, 2 
ROSE FfilCKER,* VTNOD CHARLES,' ALBEE MESSING,* ELLIOTT J. MUFSON ' 
norT^? °* WONG > 4 «^FFREY M. KOSENSTEIN, 5 ANDERS BJORKLUND « ' 
DWAINE F. EMERICH, 4 JOSEPH HAMMAN6, 4 asd MELISSA K. CARPENTER 4 
Research Center for Brain Repair and Department of Neurological Sciences 
21X7 p. i. Presbyterian Medical Center, Chicago, Elinois 60612 

Wallenberg Neuroscience Center, Department of Physiology and Neuroscience 
, Lund University, Lund, Sweden 

Department of Pathobiological Sciences. University of Wisconsin School 
of Veterinary Medicine, Madison, Wisconsin 53706 
CytoTherapeutics, Inc., Providence, Rhode Island 02906 
Department of Anatomy and Cell Biology, George Washington University, 
Washington, District of Columbia 20037 



ABSTRACT 

re,™™-™?, 86111 St iY d S e ™5"* 1 whether implants of epidermal growth factor (EGF)- 
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rh7^L P ™ + /? te ex P ression °f human nerve growth factor (hNGF) could prevent 
tne degeneration of striatal neurons in a rodent model of Huntington's disease (HD) Rats 
dalTui^* 6 ^ 1 trans P lants of GFAP-hNGF stem cells or control stem X followed 9 
2 ' lntrastnatal ejection of quinolinic acid (QA). Nissl stains revealed large 
striatal lesions ill rats receiving control grafts, which, on average, encompassed 12.78 mm* 
i^r" e lesi ? n was significantly reduced (1.92 mm') in rats receiving lesions and 
^.11^^ J- f 15 ^* 8 - ^ tS ""iving QA legions and GFAP-hNGF-secreting grafts stem 
SLSSi dlSpl t y ? d a Spa T g of striatal neurons hnmunoreactive (ir) for glutamic acid 
amfdS • *S T ^d neurons histochemicaUy positive for nicotin 
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n 5 *™™? PS? 8 ™ WaS absent ' B * ^ a mouse-specific probefstem cells 
Z^fi T ^f 11 an,mals - data indicate that cellula^delivery of hNGF by genetic 
?o2££™ il^ °T PrS ? nt ^ degeneration^ vulnerable striatal neural 

populations, including those destined to die in a rodent model of HD and surroorts the 

SSSSfCT T this T te = hnol °^ ma * be a valuable therapeutic ^SjyTSSeS 
sufiering from this disease. J. Comp. Neurol. 387:96-113, 1997. o 1997 wuey-u^inc. 

Indexing terms: striatum; choline aeetyltransf erase; GABA; NADPH-diaphorase- 
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Huntington's disease (HD) is an inherited neurodegener- 
ative disease characterized by a relentlessly progressive 
movement disorder with psychiatric and cognitive deterio- 
ration. In 1993, it was discovered that an unstable expan- 
sion of a CAG trinucleotide repeat in the IT15 gene (The 
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NGF STEM CELL GRAFTS IN RODENT MODEL OF HD 

Huntington's Disease Collaborative Research Group, 1993) 
located near the telomere of the short arm of chromosome 
4 (Gusella et al., 1983) produces this disease. HD is 
invariably fatal with an average of 17 years of symptom- 
atic illness. There are no effective treatments (e.g., Martin 
and Gusella, 1986). Although medications may reduce the 
severity of chorea or diminish behavioral symptoms, they 
do not increase survivaJ or substantially improve quality of 
life as it relates to cognitive state, gait disorder, or 
dysphagia. 

The behavioral sequelae in HD results from a selective 
vulnerability of striatal neurons. (Ferrante et al, 1985, 
1987; Vonsatell et al, 1985; Kowall et al., 1987). Initially, 
the disease affects gamma-aminobutyric acid (GABA)- 
contauning, medium -sized spiny neurons (Bird and Iver- 
son, 1974; Bird, 1980; Kowall et aL, 1987), which innervate 
the globus pallidus and substantia nigra pars reticulata; 
critical parts of basal ganglia loop circuitry. Neurochemi- 
cal)^ there is a substantial loss of GABA within the 
striatum (Bird and Iverson, 1974; Bird, 1980; Graveland et 
al., 1995; Kowall et al., 1967). Large, aspiny interneurons 
and medium, aspiny projection neurons are less affected 
and degenerate later in the disease process (Ferrante et 
al., 1985, 1987; Kowall et al., 1987). Levels of choline 
acetyltransferase (ChAT), substance P, cholecystokinin, and 
angiotensin-converting enzyme are decreased (see review 
Greenamyer and Shoulson, 1994), whereas the expression 
of some neuropeptides, such as somatostatin and neuropep- 
tide Y, ore increased in HD (Beal et al., 1988). In contrast, 
neurons that contain nicotinamide adenosine diphosphate-d 
(NADPH-diaphorase), neurotensin, and vasoactive intesti- 
nal polypeptide are relatively unaffected (Kowall et al., 
1987). Other subcortical and cortical brain regions are 
involved, but within these extrastriate regions, the degree 
of degeneration varies; it does not correlate with the 
severity of the disease and is dwarfed by the striatal 
changes (see review Greenamyer and Shoulson, 1994). 

Currently, therapy for HD is limited and does not 
favorably influence the progression of the disease. Thus, it 
is imperative that novel therapeutic strategies be estab- 
lished. In this regard, the grafting of trophic factor-secret- 
ing cells has proven successful in experimental models of 
HD. Our group and others have shown that grafts of nerve 
growth factor (NGF)-secreting fibroblasts prevent degen- 
eration of striatal neurons destined to die from excitotoxic 
insult or mitochondrial dysfunction (Schumacher et al., 
1991; Frim et aL, 1993a,b,c, 1994; Emerich, 1994). Re- 
cently, Martinez-Serrano and Bjdrklund (1996) showed 
that intrastriatal implants of immortalized central ner- 
vous system (CNS)-derived progenitor cells that had been 
genetically modified to secrete NGF also can prevent the 
neural degeneration in a rodent model of HD. 

If transplantation of genetically modified, trophic factor- 
secreting cells is to be successful clinically for the treat- 
ment of neurodegenerative disease, then the optimal means 
of trophic factor delivery needs to be established. Recently, 
efforts have been concentrated on developing neural stem 
cells for transplantation and delivery of biologically active 
gene products, including trophic factors. There are several 

advantages to using modified neural stem cells for trans- 
plantation. From a practical point of view, neural stem 
cells can be genetically modified to obtain a relatively 
homogeneous expression of a desired gene product. This 
makes them exquisitely suitable for gene transfer to the 
brain. Neural stem cells have also been shown to survive 
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for long periods of time in vivo and to integrate well within 
the host tissue without being tumorigenic (Gage et al., 
1995; Brustle and McKay, 1996). The present study uses a 
novel epidermal growth factor (EGF)-responsive stem cell 
line, which upon differentiation into astrocytes, will se- 
crete human NGF (hNGF) to protect the vulnerable stria- 
tal neuronal population following excitotoxic lesions. These 
stem cells are of particular interest because they are 
derived from transgenic mice in which the glial fibrillary 
acidic protein (GFAP) promoter directs the expression of 
the transgene in vivo. Stem cells generated in this fashion 
can potentially obviate the problems of toxicity and tran- 
sient gene expression, which plague other methods of 
cellular gene therapy. These studies further established 
that the sparing of striatal cells is associated with the 
inhibition of vascular permeability and the glial responses 
observed specifically when tissue sections were probed for 
the low affinity p75 neurotrophic receptor (p75 NTR ). Lastly, 
this study shows that hNGF-secreting/ stem cell grafts 
also induce. a sprouting response from cholinergic projec- 
tion neurons loeated within the basal forebrain. 

MATERIALS AND METHODS 
Animal subjects 

Adult male Sprague-Dawley rats (Taconic Breeders, 
Germantown, NY) approximately 3 months old and weigh- 
ing 300-350 g were used in these studies. All experimenta- 
tion was conducted in accord with NIH guidelines and with 
the approval of the animal care committee at our institu- 
tions. The animals were housed in groups of three to four 
in a temperature- and humidity-controlled colony room 
that was maintained on a 12-hour light-dark cycle with 
lights on at 0700 hours. Food and water were available ad 
libitum throughout the experiment. All animals received 
daily injections of cyclosporin (10 mg/kg i.p.), beginning 1 
day prior to cell grafting and continuing until the conclu- 
sion of the experiment 3 weeks later. 

Surgery 

Immediately prior to surgery, rats were anesthetized 
with sodium pentobarbital (45 mg/kg i.p.) and positioned 
in a Kopf stereotaxic instrument. A midline incision was 
made in the scalp and a hole drilled for the injection of cells 
into the striatum. Rats received unilateral implants into 
the striatum at two sites with cells that were (n = 8) or 
were not (n = 7) genetically modified to secrete hNGF. The 
stereotaxic coordinates for implantation were +0.2 mm 
anterior to Bregma, 3.2 mm lateral to the sagittal suture; 
-0.2 mm posterior to Bregma, 3.2 mm lateral to the 
sagittal suture *CPaxinos and Watson, 1986). At both sites, 
the cells were injected in two 0.5-pl deposits with one 
deposit made at 5.4 mm, and the second at 4.9 mm, ventral 
to the cortical surface. The cells were injected in the form 
of small spheres (5-20 cells) by using a glass capillary 
(O.D. 50-70 um) connected to a 10-ul Hamilton syringe. 
Each animal received approximately 500,000 cells at each 
of the two injection sites. Animals received injections of 
undifferentiated EGF-responsive stem cells derived from 

transgenic animals or littermate controls. Following im- 
plantation, the skin was sutured closed. 

Nine days following grafting, all animals were anesthe- 
tized, placed in the stereotaxic instrument, and injected 
with 225 nmol of quinolinic acid (QA; Sigma Chemical Co., 
St. Louis, MO) into the previously grafted striatum at the 
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M i ^l^°i S | h ^ bUffer ^ Sa J* e [PBS] without CaC] z or 
MgCVO.1% sodnun azide; pH 9.6). The coated plates were 

4 C overnight. The coating solution was withdrawn from 
the weUs and the wells were washed three times with 300 
X iT/S S^'i- 50 mM .^-HC1^00 mM KaCyi% Triton 
wifcJS J^i'rT f 1 e; pH 7 0) ' The wells ™ then 
S^rf^S ^ Pl ° f C ° atiDg solution containing 10 
mg/ml of BSAat room temperature for 30 minutes followed 
by further washes (three times with 300 ul wash buffer) 
?Z lT V es , ^.^"ted l:i two times in sample buffer 

wpjt ' ™ w Pl ° f the Prepared sam P les load ^ into the 
hours were . cov l r f d and incubated for at least 2 

hours at 37 C or overnight at 4°C. The solutions were 

wTh son l° m f 4116 rK U i- by S / ti0n and washed th «* times 
with 300 pi of wash buffer. To each well, 1 00 pi of 4 UAnl of 

ant.mouse-p (2.5S) NGF-P-galactosidase conjugated 
tt ^ W6re incubat * d at 37«C for at least 1 

hour. Ihe solutions were removed from the wells bv 

Fintnv Tn^w v^ 65 300 > U ° f wash buffer 
Finally 200 pi of chlorophenol red-p-D-galactopyranoside 
substrate solution (40 mg CPRG m 100 mM rTPPF^/1 ?n 

Jl^^t t0 the r US ' iDCubated at 37 °C fbr P 30 
nimutes to 1 hour or after the color development was 
sufficient for photometric determination at 570 nm and 
the samp es were a^al^d on a plate reader and 'rnTa 
sured against recombinant NGF protein standard" 

Preparation of tissues 

^rib!^? 110 ^^ the ksi0n ' rats were anesthetized 
85 described above. Prior to perfusion, animals received an 
injection of heparin into the left ventricle of t£ heart? 
Each ammal was then perfused transcardially with 0 9% 

so te/ 0 B W6d ° y fiXat '° n With a 4% P-afoLaldeSyde 
solution Brains were then removed from the calvaria 

4^C P cut e £jn 3 ° % ^ UCr0S \ in 01 M P^sphate buffer a£ 
4 C, cut frozen at 40 pro thickness on a sliding knife 
microtome, and stored at -20'C in cryoprotecUrT 




Fig. 1. A: Note the absence of neurite extensions in PC- 12 cells 
exposed for 48h to conditioned media from control atem cells B: 
Neunte extensions displayed by PC12a cells following 48h of exposure 
to conditioned media from control hNGf-seereting stem cell s ScaU 
bar = 50 pm m A.B. 



Inununocytochemistry 

Sections were processed for the immunobistochemical 

^ Z t? ar 5 C ^ Uta ^ C acid decarboxySSSS) 
P75™ dopamine P-hydroxylase (D|JH), trkA, and M2 

n f eurofl fr»ent «tibody specific for the mouS 
derived stem cells) via the biotin-Iabeled antibody proce^ 
dure (Hsu et al., 1981). For each stain, sections from KNOT 
and control-grafted aniraahi were processed simulta- 
2f X**""? e^ogenon* peroxid^e^nuTe e- 
ments were first removed with a 20-minute incubation in 
0.1 M sodium penodate in Tris-buffered saline Back 

stun?2% w r solution containing 3% normal 

serum 2% bovme serum alburoin, and 0.05% Triton X-100. 

?7SfST W6re ^ inCubated * the ChAT 

S'onn p ( ,5 n?°L 0nc °S'^, Uniondale, MA), D3H 
(1.2 000, Eugene Tech., Allendale, NJ), trkA (1-10 000- 
kindly prided by Dr. Louis Reichardt), r M2 (g nZsly 

ShoS b Ie? fa r 0 CarI Lag ^ aur '' 1:20 « -tibXS 
4a hours. Sections were then incubated for 1 hour in the 

STSI-JSM"- IgG ^ <^b" £! 

game, OA 1.200) Following washes, sections were placed 
mtheavidin-motin (ABC "Elite" [Vector]) substrate (1:500) 



for 75 minutes. Sections were then reacted in a chromagen 
solution containing Tris-bufFered saline, 2.5% nickel II 
sulfate, 0.05% 3,3 J -diaminobenzidine (DAB) and 0.005% 
H 2 0 2 > which yields a dark blue-black reaction product. A 
separate series of sections was immunostained for rat 
serum albumin (RSA) without nickel intensification to 
assess the integrity, of the blood-brain barrier (BBB) 
following the lesion^ahd transplant according to our previ- 
ously published protocol (Charles et al., 1996). An addi- 
?° n xT A S ^f ° f secfcions through the striatum was stained 
icfn^ a ^ aS de3crib « d Previously (Kordower et al 
1994). Adjacent sections were stained with cresyl violet 
acetate (pH 3.3) to aid in c^oarchitectonic delineation and 
to characterize the extent of the lesion. All sections were 
mounted on gelatin-coated slides, air dried, dehydrated 
and coverslipped with Permount. 



Electron microscopy 



Selected DAB-treated sections were rinsed in 0 1 M 
sodium cacodylate buffer for 15 minutes and placed m 
1.0% sodium cacodylate-buffered Os0 4 for 3 hours After 

Tr^T^° Ul t L li T Q W , as deh y drated in graded ethanols 
and flat-embedded m plastic (Polybed 812, Ladd). Semi- 
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Fig. 2. Low- IA,B) and high- (C,D) power photomicrographs of 
Nissl-stained secfaOAf ^illustrating the protection of striatal neuronal 
degeneration by hNGF-secreting stem cell implants. A: Rats receiving 
hNGF-sccreting stem cell implants display minimal or no cell loss 
following intranatal QA injections. B: In contrast, extensive neural 

f^T^ U M l bS T ed * ratE ««i^8 QA lesions and control 
(non-hNGF-secreting) stem cell grafts. The arrowheads outline toe 



extent of the lesion. C: In hNGF-grafted rats, numerous healthy 
appearing neurons were observed throughout the striatum even 
proximal to the QA needle tract farrows). D: [n contrast, virtually no 
viable neurons and an intense gliosis were observed proximal to the 
QA needle tract in rats receiving control stem cell implants (arrows) 
Scale bar = 1.000 pro in A, B; 100 yun in C,D. 



thin sections were stained with toluidine blue to verify 
correct location and orientation. Ultrathin sections (silver- 
gold interference) were collected on 200-mesh grids and 
Stained With lead citrate and uranyl acetate by eonven- 

1 ^ sectioiis w ere studied with a JOELCO 
1200 EX electron microscope. 

Immunohistocheinistry: Controls and caveats 

Controls for immunohistocherrustry consist of process- 
ing tissue as described above except for using the primary 
antibody solvent or an irrelevant IgG in lieu of the primary 
antibody. It is important to note that specificity for any 
^unocytocheroical reaction product is not absolute. 
Regardless of the fact that substitutions for the primary 
antibody may abolish irnmunoreactivity, the potential for 
antisera to react with structurally related antigens cannot 
be excluded. Thus, a degree of caution is warranted, and 
the term immunoreactivity refers to "-like" imraunore- 
activity. 

Quantitative morphometric analysis 

The quantitation of striata] neurons was performed as 
Piously 'described (Emerich etaL, 1994, 1996; Kordower 
et al. ; 1994) by an investigator blinded to the experimental 
condition. The size of the lesion was determined by using 



the NIH Image 1200 analysis system. The rostral caudal 
extent of the lesion area was traced on equispaced Nissl- 
stained sections by using a computer mouse, and the lesion 
area was automatically calculated for that section. Then, 
the total area was calculated by interpolating the lesion 
area between measured sections. The present study was 
concerned with the relative number, not the absolute 
number, of GAD-ir ? ChAT-ir, and NADPH-containing neu- 
rons within the intact and lesioned striatum under control 
andhNGF-grafted conditions. Thus, the number of GAD-ir, 
ChAT-ir, and NADPH-containing neurons was quantified 
bilaterally for each animal by using established quantita- 
tive morphometric procedures (Emerich et al., 1994, 1996; 
Kordower et al., 1994). For each rat, five coronal sections 
through the striatum beginning at the level of the QA 
injection and extending equidistantly in the anterior and 
posterior direction at 200-um intervals were analyzed. 
Every ChAT-, GAD-, or NADPH-d -positive neuron in each 
of those sections was counted by an individual blinded to 
the animal's experimental condition. 

Data analyses 

Data were analyzed with an SAS-PC™ statistics pro- 
gram. Analyses of variance were conducted by using the 
procedures for general linear models (SAS Institute Inc., 
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Fig. 3. .Low- (A,C) and high- (B.D) power photomicrographs c»f 
glutamic acid decarboxvlase(GAD)-immunostained sections illustrat- 
ing the protection of gamma- ami aobutyric (GABA)-ergic neurons by 
hNGF-secreting stem cell implants. A: Note the similarity in GAD- 
immujioreactive staining pattern on the lesion/graft side of the 
striatum (right side) relative to the intact contralateral side in 
hNGF-grafted animals. B: At higher magnification, numerous GAD-ir 



neurons were observed within the lesioned/hNGF-grafled striatum. C: 
In contrast, an extensive loss of GAD-ir neurons and neuropil was 
observed in QA-lesioned rats receiving control stem cell implants. The 
scope of the lesion is demarcated by arrowheads. D: At higher 
magnification, few GAD-ir neurons were observed. Scale bar = 1,000 
um in A,C; 50 Jim in B,D. 



1989). Data are presented in the text and in all figures as 
means ± SEM. 



RESULTS 

PC-12 cell bioassay 

Conditioned media obtained from the differentiated 
GFAP-hNGF and control stem cell cultures were collected 
and cultured with PC-12 cells. Within 24 hours following 
exposure to the conditioned media, long neurites were 
observed extending from the PC-12 cells that were exposed 
to media from hNGF- secreting stem cells (Fig. IB). In 
contrast, neurite extension was not induced in PC-12 ceDs 
exposed to media from control (non-hNGF secreting) stem 
cells for up to 48 hours (Fig. 1A). 

GFAP-hNGF stem cell grafts: 
Effects on lesion area 

Nissl-stained sections revealed large areas of neural 
degeneration within the striatum in all animals receiving 
QA lesions and control (non-NGF-secreting) transplants 
(Fig. 2B). Occasionally, the lesion extended into the frontal 
and temporal neocortices. These lesions were spherical or 



elliptical in shape and in many sections encompassed the 
entire striatum, which displayed a marked reduction in 
neurons and an abundance of glial cells (Fig. 2D). In 
contrast, small or negligible regions of degeneration were 
seen within the striatum of rats receiving QA lesions and 
GFAP-hNGF stem cell implants. In fact, no lesion was 
discerned in Nissl-stained sections in four of the eight rats 
receiving fTOF-secreting stem cell implants (Fig. 2A). In 
GFAP-hNQF-frafted animals, healthy appearing neurons 
could be observed immediately adjacent to the QA injec- 
tion site (Fig, 2G). Quantitative analyses of the lesion area 
using a one-way AN OVA between groups supported these 
qualitative observations. The lesion area in rats receiving 
control transplants was 12.78 mm 3 ± 2.53. In contrast, the 
lesion area was significantly diminished (1.91 mm 3 ± 1,02) 
in rats receiving NGF-secreting stem cell implants 
[(Fl,13)= 17.45; P = 0.001]. 

GFAP-hNGF stem cell grafts: Protection 
of GAD, ChAT, and NADPH-positive neurons 

ChATir, GAD-ir, and NADPB-diaphorase-stained sec- 
tions within the unlesioned, contralateral striatum, re- 
vealed a general pattern of labeled perikarya consistent 




with previous observations (e.g., Ernerich et al. 1994, 
1996; Kordower et al., 1994; Martinez-Serrano and BjBrk- 
lund, 1996). All specific staining was eliminated when 
control experiments were performed with the primary 
antibody deleted or on irrelevant IgG substituted for the 
primary antibody. 

The ability of hNGF-secreting stem cell implants to 
prevent the degeneration of GAD-ir, ChAT-ir, and NADPH- 
d-contairung neurons was evaluated with a 2 X 2 ANOVA 
including Groups (control vs. NGF G tem cells) and Side 
(Lesioned vs. Nonlesioned) as factors in the analyses. Cell 
counts for each type of stain (GAD, ChAT, or NADPH-d) 
were analyzed separately. 

In control-grafted rats, there was a dramatic loss of 
GAD-ir striatal neurons. In sections proximal to trie lesion 
site, there was a substantial loss of GAD-ir neurons (Fig 
3C,D). Some sections displayed virtually no GAD-ir stria- 
tal neurons ipsilateral to the lesion. In contrast, GAD-ir 
neurons were spared in GFAP-hNGF stem cell-grafted 
animals. In a few GFAP-hNGF stem cell-grafted animals 
there was no discernible loss of GAD-ir neurons within the 
striatum at all (Fig. 3A,B). Quantitative analysis con- 
firmed this qualitative assessment. A two-way ANOVA 
revealed that the number of GAD-positive cells was signifi- 
cantly reduced in all animals on the lesioned side relative 
to the nonlesioned side; the main effect for Side was 
statistically significant, F(l,13) = 48.06, P = 0 0001 
However rats implanted with GFAP-hNGF stem cells 
displayed an attenuated loss of GAD-ir cell (12.7% va, 50%) 
relative to rats implanted with control cells, the Group x 
Side interaction was statistically significant, F(l 13) = 
19.25, P = 0.0007 (Fig, 4). 

The QA lesion resulted in a dramatic loss of ChAT-ir 
neurons within the striatum in animals receiving control 
transplants. In sections proximal to the needle tract, there 



was almost a complete losa of ChAT-ir neurons (Fig. 5B). 
Those few neurons that did remain following the lesion 
appeared atrophic with blunted dendrites (Fig. 5D). In 
contrast, the loss of ChAT-ir cells was completely pre- 
vented by intrastriatal transplants of NGF-secreting stem 
cells. In these animals, there were numerous ChAT-ir 
neurons throughout the striatum, even in sections that 
contained the QA lesion needle tract. These neurons were 
large in size (25-35 urn in diameter) with long neuritic 
processes, and they displayed the typical morphological 
profile of healthy cholinergic striatal intemeurons (Fig. 
5C). Quantitatively, the number of ChAT-positive cells was 
significantly reduced on the lesioned side relative to the 
nonlesioned side; the main effect for Side was statistically 
significant, F(l,13) - 14.03, P - 0.003. Control-grafted 
rats displayed a 64,2% reduction in the number of ChAT-ir 
neurons relative to the contralateral side. This loss was 
ameliorated in rats implanted with hNGF-secreting cells 
(-3.2%); the -Group X Side interaction was statistically 
significant: F(T,13)'- 16.76, P = 0.001 (Fig. 6). 

In contrast to the potent protection of ChAT-ir and 
GAD-ir neurons, implants of GFAP-hNGF stem cells had 
more modest effects upon NADPH-d-positive striatal neu- 
rons. On the intact side, numerous small NADPH-d- 
positive cells with long varicose processes were observed 
scattered throughout the striatum. In all animals, the 
number of these cells was substantially reduced on the 
lesioned side relative to the nonlesioned side; the main 

effect for Side was statistically significant: F(l,13) = 92.99, 

P = 0.0001. Rats receiving control grafts displayed a 84% 
reduction in NADPH-d positive neurons ipsilateral to the 
lesion relative to the contralateral side. In many sections, 
these animals displayed a complete loss of NADPH-d 
positive cells (Fig. 7C,D). A significant sparing of diapho- 
rase-containing neurons was observed in hNGF- treated 
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Fig. 5. Low- (A3) and high- {C,X» power photomicrographs of not due to technical factors because similar staining patterns are seen 

choline acetyltransferase (ChAT)-immunostained sections illustrating in both hNGF- and control-grafted animals within the horizontal limb 

the protection of cholinergic neurons by hNGF-secreting stem cell of the diagonal band, C; In hNGF-grafted rats, ChAT-ir neurons 

implants. A: Numerous ChAT-ir neurons scattered throughout the appeared healthy with normal striatal morphological profiles. D: In 

striatum in rats receiving hNGF stem cell implants. B: In contrast, control -grafted rats, only an occasional shrunken ChAT-ir neuron was 

few ChAT-u neurons were seen in rats receiving control stem cell observed (arrow). LV, lateral ventricle; AC, anterior commissure. Scale 

implants. The arrows m panels A and B illustrate the location of the bar = 500 uro in A,B; 100 urn in C,D. 
stem cell implants. This discordance in ChAT-ir staining patterns is 



rats; the Group x Side interaction was statistically signifl- Within the striatum of these animals, a clearly denned 
cant: F(l,13) = 11.18, P = 0.005; Pig. 8). However, these locus of the lesion could be discerned (Fig. 7A). In the 
rats still displayed a 41.4% loss of NADPH-d positive cells, lesion area, few NADPH-d-positive cells were seen. How- 
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ever, once outside the penumbra of the lesion, the NADPH-d 
stained striatum appeared normal with numerous multipo- 
lar neurons giving rise to a dense neuropil (Fig. 7B). 

GFAP-hNGF stem cell grafts: 
Localization of stem cells 

A mouse-specific antibody was used as a species-specific 
marker for the grafted stem cells. By using this marker, 
grafted stem cells were identified in all control and hNGF- 
treated animals (Fig. 9A). There were no apparent differ- 
ences m the extent of graft viability between the two 
groups. Dense clusters of M2-ir stem cells were observed 
principally within and around the needle tract. Little if 
any migration of M2-ir cells was noted. This antibody 
predominantly stains the external cell membrane, and as 
such, perikarya are usually not visualized. Rather in most 
instances, processes were visualized emanating from a 
nonimmunoreactive perikaryon (Fig. 9B). The exception to 
this staining pattern was observed principally at the base 
of injection sites where a dense column of cells within the 
tract expanded into a teardrop-shaped or round cluster of 
cells. Under these conditions, M2 immunoreactivity ap- 
Sr a [x to be present ^thin grafted perikarya (Fig. 9C) 
With Nissl stains/ these graft deposits appeared as col- 
lections of small pale pejikarya with a darkly stained 
nucleolus (Fig. 9D). Surrounding these cells were smaller 
more darkly stained cells that exhibited morphological 
profiles similar to glial cells. M2-immunoreactive sections 
counterstained for Nissl substance indicate that many, but 
not all, of these more darkly stained cells were of graft 
origin. 



GFAP-hNGF stem cell grafts: Sprouting 
of cholinergic basal forebrain fibers 

Stem cells derived from transgenic mice in which the 
GFAP promoter directs the expression of hNGF induced a 
p 75NTR. ir S p r outiiig response (Fig. 10). This phenomenon 
was seen in all animals receiving hNGF-secreting stem 
cells (Fig. 10A-C) but was never observed in control rats 
treated identically except that the grafted stem cells 
lacked the hNGF construct (Fig. 10D). In animals grafted 
with non -HNGF-secreting stem cells, only a rare pVSN^-ir 
process was observed (Fig. 10D). In rats receiving hNGF- 
secreting stem cell grafts, fibers immunoreactive for the 
low-affinity p75 NTR were seen surrounding the grafted 
cells and penetrating for short distances within the graft 
site. These fibers were thin and varicose with a CNS 
morphology. These fibers did not stain for DpH (data not 
shown), ruling out the possibility that this innervation 
could result from ingrowth of sympathetic fibers that are 
also immunoreactive for the pTS^. Rather, these fibers 
appeared to emanate from cholinergic neurons within the 
basal forebrain, a region whose neurons are exquisitely 
sensitive to the trophic and tropic influences of NGF. The 
p75^-immunostained fibers were seen coursing from the 
underlying horizontal limb of the diagonal band of Broca 
and the anterior subdivision of the nucleus basalis toward 
the hNGF-secreting graft sites following an aberrant 
trajectory that coursed through the ventral striatum. 
These fibers surrounded the graft along the periphery of 
its entire dorsoventral extent and penetrated the graft for 
short distances. Although tract tracing would provide 
direct evidence supporting the observation that this p75 NTR 
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xrfrf' L ° W * fA,Cj and lligh ' (B ' DJ power Photomicrographs of 
NADPII-d -stained sections illustrating the protection of diaphorase- 
containing neurons by hNGF-se ere ting stem cell implants. A: In 
hNGF-grafted rats, there was a partial loss of NAJDFH-d-containing 
cells and neuropil (arrowheads). B: The NADPH-positive cells outside 
this area appeared healthy with normal morphological profiles. C: In 
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contrast, QA-lesioned rats receiving control stem cell implants dis- 
played a comprehensive loss of NADPH-d -positive neurons, which 
often encompassed the entire striatum (arrowheads), D: At higher 
magnification, few viable NADPH-d-s tained neurons were observed. 
Scale bar = 500 pm in A,C; 50 um in B,D. 
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sprouting response emanates from the basal forebrain it 
is notable that p75^ is a specific marker for cholinergic 
basal forebrain neurons In the rat forebrain (e ft Kor- 
dower et al. f 1988). p75^ is not fouad within the str i a tum 
under normal conditions and is not induced in neurons 
within the striatum following mechanical damage, excito- 
toxic lesions, or intrastriatal administration of NGF (Bar- 
tusetal., 1996). 

GFAP-hNGF stem ceU grafts: 
inMbition of glial and barrier changes 

In both nongrafted rats and rats receiving implants of 
control stem cells, injections of QA into the striatum 
r ^ 1 m£ d m 3 vi S orous » but nonuniform expression of 
p75 « receptor. Upon cursory light microscopic examina- 
tion, this staining pattern appeared to be within vascular 
elements (Fig. 11). However, electron microscopy revealed 
that the immunoexpression was exclusively associated 
with astrocytes (see below). This response was massive 
often involving the entire striatum and surrounding cere- 
bral cortex. In some animals, the p75 NTR response spread 
into the lateral septum. This response was only observed 
rpsilateral to the QA injection and was never observed on 
the intact side- The magnitude of this response was similar 
in ungraded rats and rats receiving control stem cell 
grafts, indicating that the presence of the grafted cells did 
not underlie this response. Astroglial elements upon ves- 
sels throughout the lesioned striatum were densely immu- 
noreactive for the p75 NTO receptor (Fig. 11B-E) In addi- 
tion to the vasculature-related astroglia, occasional 
triangular shaped cells of unknown origin, possibly microg- 
lia were also immunoreactive for the P 75 NTR roceptor 
within the sphere of the lesion (Fig. HE). Remarkably this 



robust p75 NTR vascular and cellular response following QA 
was virtually absent within the striatum of rats receiving 
identical lesiona and stem cell grafts with the addition of 
the hNGF construct. In all but one of these animals, the 
striatum appeared normal, although some animals dis- 
played an attenuated cellular response within the overly- 
ing cerebral cortex. It is notable that the one animal that 
did display a modest p75 NTR -immunoreactive vascular 
response within the striatum displayed the least neuronal 
protection from the hNGF stem cell grafts supporting the 
concept that this response is associated with the neuronal 
death resulting from the QA lesion. Extravasated RSA, 
which was found specifically within the QA lesioned stria- 
tum (Fig. 12B) ? was not observed within the striatum in 
hNGF-grafted rats, indicating an intact blood-brain bar- 
rier was sustained within the striatum of these animals 
(Fig. 12A). Occasionally, there was RSA-ir within the 
overlying cortex in hNGF-grafted rats. 

As was suggested by the light microscopic immunocyto- 
chemical data, ultrastructural analyses revealed that the 
immunoexpression of p75 NTR varied in relation to the 
vascular network within the lesioned area. The deposition 
of reaction product was always associated with astrocytic 
membranes and surrounding extracellular space and not 
the cerebral endothelia or their basement membranes. 
There was no evidence that the p75 NTR immunoreactivity 

was directly related to the cerebral endothelia or perivascu- 
lar space. Sometimes, the reaction product would appear 
at the interface between an astrocyte cell body and a foot 
process adjacent to a capillary (Fig. 13A.B). Most often, 
however, extensive p75 NT ™ immunoexpression was associ- 
ated with the membranes of reactive, filament-laden, 
astroglial processes. At times, the reactionproduct ex- 



FROM BIOMEDICAL INFORMATION SERVICE (FRI) 7. 20' 01 1 2 : 1 4/ST. 1 1 : 55/NO. 4862641 61 9 P 



NGF STEM CELL GRAFTS IN RODENT MODEL OF HD 107 




Fig. 9. Low- (A) and medium- (B ) power photomicrographs of stem Nissl-stained section adjacent to the one illustrated in panel C 

ceUs visualized with the mouse-specific neurofilament antibody M2 in illustrates the center of the graft containing palely stained cells that 

an hNGF- grafted animal. Note the exclusive presence of stained cells display an immature stem cell -like morphology. In contrast, cells at 

within the site of graft deposits. C: High-power photomicrograph of the borders of the graft exhibit a glial morphology. LV, lateral 

M2-ir graft site illustrating a dense collection of grafted cells. D: A ventricle. Scale bar = 500 pm in A. 250 um in B, 50 um in C,D. 
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hNGF+ 



hNGF- 
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tiJ^J f i^unoL^d I for ^fcS^^T ^m*"*™!*"' of Eec " ceI1 f CGX (D) In contrast, only an occasional p75"™ -ir process is 
S" s r , for P 7 f • A -C illustrated that a plexus of seen coursing near a control, non-hNGF-secreting, stem cell graft (G) 
p75"™-ir fibers encircles and penetrates into hNGF-secreting stern Scale bar = 250 um in A 100 urn in B-D 



FROM BIOMEDICAL INFORMATION SERVICE 



CFRI) 7. 20' 01 1 2 : 1 5/ST. 1 1 : 55/NO. 4862641 61 9 P 



NGF STEM CELL GRAFTS IN RODENT MODEL OF HD 




Fig. 11. The hNGF-secretinp stem cell implants prevented a 
QA-lesioned mediated p75 NTR -ir response within the striatum. A: Note 
the absence of p75 NTB -ir staining within the striatum of hNGF -grafted 
rate except for a small area around the implant site (arrow) that is 
composed of sprouting fibers from the basal forebrain. p75 NTH -ir was 
occasionally seen within the cortex of these animals only on the side 
ipsilateral to the lesion (arrowheads). B: In contrast, a massive 
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p75NTB. j r glial response around vessels was seen within the striatum 

and cortex (arrowheads) in QA-lesioned rats receiving no implant or 
fC-E) control stem cell grafts. Note C, a nonuniform expression 
p75 NTft -ir ^tiun astroglia surrounding the blood vessels. E: High-power 
photomicrographs illustrating the expression of glial -derived p75 NTR -ir 
upon striatal microcapillaries (curved arrows). Scale bar =1,000 urn in 
AJB, 10.3 um in C,D, 15 .6 )im in E. 




tended between a large process and a thin foot process 
adjacent to capillaries or larger microvessels (Fig. 13C,D). 
Although the vascular basement membranes were always 
free of pVS*™ immunoreactivity, by contrast the reaction 
product for RSA completely flooded the basement mem- 
branes and perivascular spaces (data not shown). 

DISCUSSION 

The present study clearly shows that implants of EGF- 
responsive stem cells, which upon differentiation secrete 
hNGF, forestall the degeneration of striatal neurons des- 
tined to die in an animal model of HD. The use of stem cells 

that secrete a desired bioactive molecule to modify degen- 
erating host systems has specific advantages over other 
forms of cellular delivery. These cells can be exponentially 
expanded in vitro without the use of oncogenes providing a 
limitless supply of donor cells. They can be banked and 
screened for the absence of adventitious agents. These 



cells also have the properties of self-renewal and under 
appropriate conditions differentiate into specific pheno- 
types based upon their local environment. 

GFAP-hNGF stem cell grafts: 
Effects on striatal neuronal populations 

In the present study, grafts of EGF-responsive stem ceUs 
that secrete hNGF clearly reduce the size of a striatal 
lesion resulting from injections of a high dose (225 nmol) of 
QA. In some animals, there was no discernible loss of 
neurons on Nissl-stained sections. Critically, the present 
Study shows that the loss of GABA-ergic neurons, which 
provide the major outflow of information emanating from 
the striatum, was completely prevented in rats receiving 
hNGF-producing grafts. Previous studies using NGF- 
secreting fibroblasts have shown that the size of the lesion 
is reduced following grafts of hNGF-producing fibroblasts 
(Schumacher et al., 1991; Emerich, 1994; Frim et al., 
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Pig. 12. Low-power photomicrographs of rat serum albumin (RSA)- 
immunostainad sections. A: In hNGF-grafted animals, there was 
virtually no expression of BSA even at the site of the QA injection 
(arrow) illustrating an intact bloooVbrain barrier. B: In contrast rats 
receiving control stem cell implants displayed a massive expression of 
RSA-lr u throughout .the striatum and within the overlying cortex 
(arrowhead). Scale bar = 1,000 um in A, B. 



1993a,b c, 1994). This would suggest that GABA-ergic 
cells, which comprise between 95 and 99% of striatal 
mterneurons, are protected. Furthermore, Martinez- 
Serrano and Bjbrklund (1996) used DARPP-32 immunohis- 
tochemistry to illustrate that grafts of NGF-producing 
progenitor cells sustain the GABA-ergic innervation to the 
globus pallidus in QA-Iesioned rats in addition to protect- 
ing striatal projection perikarya. Taken together, these 
three lin^ of evidence serve to generate a consensus that 
grafts of hNGF-producing cells can prevent the degenera- 
tion of GABA-ergic neurons and sustain striatal circuitry 
in a rodent model of HD. Additionally, the NGF stem cell 
grafts prevented the loss of a number of other striatal 
neuronal population including cholinergic cells and cells 
containing the enzyme NADPH-d. These cell populations 
are nottypically vulnerable in the excitotoxic lesion model 
or in HD. However, we used a very high dose of OA (225 
nmol) in this study, which resulted in the degeneration of 
these additional cell populations. 

Neuroprotection of striatal neurons 
by trophic factors: 
Issues of trophic factor delivery 

Interestingly, there appears to be a dichotomy about the 
neuronal populations protected by NGF depending on the 
method of neurotrophin delivery. Infusions of recombinant 
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NGF spares only cholinergic striatal inter-neurone des- 
tined to degenerate following excitotoxic lesions of the 
striatum (Davies and Beardsall, 1992; Kordower et al., 
1994; Venero et al., 1994). Similarly, intrastriatal infusion 
of NGF specifically induces hypertrophy of cholinergic 
neurons (Gage et al., 1969; Bartus et al., 1996) and 
specifically increases ChAT mRNA (Venero et al., 1994) in 
intact animals. These findings are not surprising because 
immunohistochemica] studies have shown that the trkA 
receptor, which transduces the NGF signal, is located 
exclusively within cholinergic interneurons in the stria- 
tum (Steinenger et al., 1993; Sobreviela at al., 1994; Chen 
et al,, 1996). Because cholinergic degeneration is not a 
central pathology in HD, sparing these neurons would 
likely not be a useful treatment strategy. However, NGF 
delivered under differing conditions can effect a number of 
seemingly trkA-negative neuronal populations. Mattson 
and co-workers show that in vitro application of NGF 
prevents the excitotoxic degeneration of non-trkA-express- 
ing hippocampal neurons resulting from glucose depriva- 
tion or hypoxia (Cheng and Mattson, 1992; Cheng et al, 
1992, 1993; Mattson et al., 1993; Mattson and Cheng, 
1993; Mattson and Scheff, 1994). Recently, a number of 
studies have shown that transplants of NGF-secreting 
fibroblasts rescue cholinergic and noncholinergic striatal 
neurons from excitotoxic degeneration (Schumacher et al., 
1991; Emerich, 1994; Frim et al., 1993a,bA 1994). More- 
over, hNGF-secreting fibroblasts induce hypertrophy in 
both cholinergic and noncholinergic striatal neurons in 
intact animals (Kordower et al., 1996). These findings gave 
rise to the hypothesis that cellular delivery of NGF plus an 
additional factor secreted by fibroblasts combined to pro- 
vide a novel sphere of trophism that included both cholin- 
ergic and noncholinergic striatal neurons (Kordower et al., 
1996). However, the present study and the recent findings 
of Martinez-Serrano and Bjbrklund (1996) indicate that 
grafts of stem cells that have been genetically modified to 
secrete NGF also prevent the degeneration of GABA-ergic 
and NADPH-expressing striatal neurons, in addition to 
cholinergic cells. It remains likely that the protection of 
ChAT-positive neurons in this and previous studies using 
cellular delivery of NGF results from the neurotrophin 
binding to trkA receptors located upon cholinergic neu- 
rons. However, the mechanism by which NGF-secreting 
grafts provide trophic support for noncholinergic, non-trkA- 
expressing cells remains elusive. 

Neuroprotection of striatal neurons 
by trophic factors; 
Potential mechanisms of action 

One potential explanation is that NGF-secreting cells 
increase the production of free radical scavengers, such as 
catalase (Frim et al., 1994), which then protects striatal 
neurons in a general and nonspecific fashion. If this 
hypothesis is correct, then infusions of NGF, which only 
provide trophic support for cholinergic interneurons, should 
not induce catalase expression. This important piece of 
information remains to be determined. An alternative 
hypothesis stems from the observation in the present 
study that hNGF-secreting grafts prevent the expression 
of p75™ receptor-ir within or upon the membranes of 
apparently reactive astrocytes following excitotoxic lesions 
of the striatum. Although this appears to be the first report 
of vascular p75 mR immunoreactivity following excitotoxic 
lesions of the striatum, similar changes in other regions 
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Fig. 13. A: Astrocyte cell body (As) is in close proximity to a 
cerebral capillary (c) in which the chromatin distribution of the 
endothelial cell (E) is suggestive of cell division. Arrows denote p75- 
immunoexpreseion on astrocyte cell membrane. B: Higher magnifica- 
tion of Figure 1 showing discrete deposition (arrows) of p75 
Immunoexpresslon between the astrocyte soma (Aa) and an astrocyte 
foot process (P) adjacent to the capillary (c). C: Extensive 
immunoexpression is present hi the interval between a large reactive 

have been reported in the dorsal column nuclei following 
excitotoxic lesions of the ventrobasal complex of the thala- 
mus (Junier et al., 1994). In ungrafted rata or rats 
receiving stem cells that were not genetically modified to 

secrete hNGF, an extensive network of pTS^-ir astroglial 

processes related to the vascular network was observed 
specifically within the grafted striatum. The blood-brain 
barrier was clearly compromised as shown by the exten- 
sive leakage of rat serum albumin within the striatal 
parenchyma ipsilateral to the lesion. This effect was 



astrocytic process (A) and a thin foot process (P) accent to a capiUary 
(c) Note that the reaction product is found outside the basement 
membra <•} surrounding the capillary. D: Strong : p75«™ iinnmno- 
^ession s preseht along a reactive astroglial (A) process (arrows 
and also coats some collagen fibrils (arrowheads) adjacent U> a larger 
microvessel (v). Again/the reaction product is not associated w lt h the 
endothelium or basement membrane (* ). Scale bars - 0.85 urn in A, 
0.4 um in B, 0.35 um in C,JX 

prevented in hNGF-grafted animals. Interestingly some 
rats treated with hNGF-secreting stem cells still showed 
this p75 NTR -ir astroglial response in the overlying cortex, a 
region that would not be expected to receive graft-derived 
hNGF from cells grafted to the striatum. It appears that 
this response is related to neural degeneration because it 
was observed in the one hNGF-grafted rat that displayed 
the least neural protection. Recently, it has been postu- 
lated that naked p75 Nra unbound to NGF kills cells 
(Rabizadeh et. al., 1993). Whether the cell death observed 
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in ungrafted or control-grafted rats following QA and its 
prevention by graft-derived hNGF is due in part to this 
striatal expression of p75" NTK upon glial elements deserves 
further scrutiny. Because QA lesions resulted in an open- 
ing of the BBB, it remains possible that some aspects of 
neural degeneration associated with QA toxicity may 
result from secondary factors originating from the sys- 
temic circulation in addition to its well-established excito- 
toxic mechanisms; Moreover, the barrier dysfunction was 
directly associated with an upregulation of pTB*™ on 
reactive astroglia. By preventing the astrogliaVpTS*™ 
response, the hNGF-secreting grafts appear to prevent the 
breakdown of the blood-brain barrier, possibly through an 
aetroglial-mediated mechanism. This mechanism may un- 
derlie the protection of noncholinergic, trkA-negative neu- 
rons, by hNGF-secreting stem cell grafts. These findings 
could be a fertile area for future investigations of neural 
protection and blood-brain barrier function. 

Future directions 

For a gene therapy approach to be of value for the 
treatment of a neurodegenerative disease, such as HD, the 
long-term expression of the appropriate transgene is criti- 
cal. In the present study, we observed the potent viability 
of grafted stem EGF-responsive cells for up to 3 weeks bv 
using a species-specific marker. Recently, we used immuno- 
histochemical techniques to determine that these ceils 
continue to express hNGF for up to 3 weeks at a level 
sufficient to sustain neuronal hypertrophy in intact ani- 
mals (Carpenter and Kordower, unpublished data). Addi- 
tionally, the hNGF-mediated sprouting response was ro- 
bust 3 weeks posttransplantation, providing circumstantial 
evidence that hNGF was still being secreted by grafted 
cells. However, long-term studies are needed to show 
conclusively that hNGF continues to be secreted by these 
cells in vivo. 

The present study clearly shows that intrastriatal im- 
plants of hNGF-secreting stem cells protect vulnerable 
populations of striatal neurons from excitotoxic degenera- 
tion in a rodent model of HD. The magnitude of this effect 
is similar to what we have recently seen following im- 
plants of hCNTF-producing fibroblasts (Emerich et al., 
1996). The use of trophic factors in a neural protection 
strategy may be particularly relevant for the treatment of 
HD. Unlike other neurodegenerative diseases, genetic 
screening can identify virtually all individuals at risk that 
will ultimately suffer from HD. This provides a unique 
opportunity to design treatment strategies that can inter- 
vene prior to the onset of striatal degeneration. Thus, 
instead of replacing neuronal systems that have already* 
undergone extensive neuronal death, trophic factor strate- 
gies can be designed to support host systems programmed 
to die later in the organism's life. Studies assessing the 
long-term benefits of this approach in rodents and nonhu- 
man primate models of HD, in conjunction with behavioral 
studies aimed at evaluating the effects of trophic factor- 
secretmg transplants upon both motor and cognitive se~ 
quelae resulting from excitotoxic striatal lesions, will 
ultimately determine the clinical utility of this novel 
approach. Additionally, when evaluating a novel therapeu- 
tic strategy, the impact of unwanted effects of the interven- 
tion need to be considered. In the present study, sprouting 
of cholinergic fibers from the nucleus basalis to the NGF 
stem cells was observed. Whether this aberrant sprouting 
would occur in the large primate brain where the striatal 
target and the NGF-responsive basal forebrain cells are 
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spatially more segregated and whether this sprouting 
response is functionally deleterious needs to be estab- 
lished. 
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The capability for in vitro expansion of human neural stem cells 
(HNSCs) provides a well characterized and unlimited source 
alternative to using primary fetal tissue for neuronal replace- 
ment therapies. The HNSCs, injected into the lateral ventricle 
of 24-month-old rats after in vitro expansion, displayed 
extensive and positional incorporation into the aged host brain 
with improvement of cognitive score assessed by the Morris 



water maze after 4 weeks of the transplantation. Our results 
demonstrate that the aged brain is capable of providing the 
necessary environment for HNSCs to retain their pluripotent 
status and suggest the potential for neuroreplacement thera- 
pies in age-associated neurodegenerative disease. NeuroReport 
12:1 127-1 132 © 200 1 Lippincott Williams & Wilkins. 
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INTRODUCTION 

The discovery of multipotent neural stem cells (NSCs) in 
the adult brain [1,2] has wrought revolutionary changes in 
the theory on neurogenesis, a theory that now suggests 
that regeneration of neurons can occur throughout life. To 
further this revolution, we have recently shown that hu- 
man neural stem cells (HNSCs) differentiated and survived 
>3 weeks in basal media without the addition of any 
supplements or exogenous factors [3]. This result suggests 
that HNSCs are capable of producing endogenous factors 
necessary for their own survival and neuronal differentia- 
tion. Together, these recent findings stimulated us to 
investigate the transplantation of HNSCs to determine 
whether or not the aged brain will provide the necessary^ 
environment needed for a successful HNSC transplanta- 
tion. Here we show, for the first time to our knowledge, 
that not only did HNSCs expanded in vitro survive 30 days 
after xenotransplantation, retaining both multipotency and 
migratory capacity, but more remarkably, HNSC trans- 
plantation improved cognitive function in 24-month-old 
rats. 

MATERIALS AND METHODS 

Detailed methods for the maintenance and proliferation of 
HNSCs have been described previously [4]. Briefly, the 
HNSCs were cultured in 20 ml serum-free supplemented 
growth medium consisting of HAMS-F12 (Gibco, BRL, 
Burlington, ON); antibiotic-antimycotic mixture (Gibco); 
B27 (Gibco); human recombinant FGF-2 and EGF (R and D 
Systems, Minneapolis, MN) and heparin (Sigma, St. Louis, 
MO). The cells were incubated at 37°C in a 5% C0 2 
Humidified incubation chamber (Fisher, Pittsburgh, PA). 



To facilitate optimal growth conditions, HNP spheroids 
were sectioned into quarters every 2 weeks and fed by 
replacing 50% of the medium every 4-5 days. 

Matured (6 months old) and aged (24 months old) male 
Fischer 344 rats were deeply anesthetized with sodium 
pentobarbital (50mg/kg, i.p.). Using bregma as a reference 
point, about 10 5 cells were collected and slowly injected 
into the right lateral ventricle (AP -1.4; ML 1.8; DV 
3.8 mm) of the brain using a stereotaxic apparatus (Devid 
Kopff). Immunosuppressant was not given to the animals. 
The memory score was tested before and after the injection 
of cells using the Morris water maze. 

All animal experiments were conducted in strict accor- 
dance to guidelines of the university animal care commit- 
tee. The Morris water maze was conducted as described 
before [5]. The water maze consisted of a large, circular 
tank (diameter 183 cm; wall height 58 cm) filled with water 
(27°C) opacified by the addition of powdered milk (0.9 kg). 
Beneath the water surface (1cm), a clear escape platform 
(height, 34.5 cm) was positioned near the center of one of 
the four quadrants of the maze. The rats received three 
training trials per day for 7 consecutive days, using a 60s 
inter- trial interval. A training trial consisted of placing the 
animal in the water for 90s or until it successfully located 
the platform. If the rat failed to find the platform within 
the 90s it was gently guided to the platform. For spatial 
learning assessment, the platform's location remained con- 
stant in one quadrant of the maze, but the starting position 
for each trial was varied. Every sixth trial was a probe trial, 
during which the platform was retracted to the bottom of 
the pool for 30 s and then raised and made available for 
escape. The training trials assess the acquisition and day- 
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to-day retention of the spatial task while the probe tests are 
used to assess the search strategy. At the completion of the 
spatial learning assessment, one session with six trials or 
cue training was performed. Rats were trained to escape to 
a visible black platform raised 2 cm above the surface of 
the water. The location of the platform was varied from 
trial to trial in order to assess sensorimotor and motiva- 
tional functioning independent of spatial learning ability. 
Each rat was given 30 s to reach the platform and allowed 
to remain there briefly before the 30 s inter-trial interval. 
Accuracy of performance was assessed using a learning 
index score computed from the probe trials. The learning 
index is a derived measure from an average proximity 
(cumulative search error divided by the length of the probe 
trial) on the second, third, and fourth interpolated probe - 
trials Scores from these trials were weighted and summed 
to provide an overall measure of spatial learning ability. 
Lower scores on the index indicate a more accurate search 
in the vicinity of the target location; higher scores indicate 
a more random search and poor learning. 

At 30 days post-transplantation, the rats were sacrificed 
by an overdose of sodium pentobarbital (70mg/kg, l.p.) 
and perfused with phosphate buffered saline (PBS) fol- 
lowed by 4% paraformaldehyde. Brains were removed 
placed into 4% paraformaldehyde fixative containing 20 h 
sucrose and left overnight. The brains were sliced into 
20 urn coronal sections using a cryomicrotome. The sections 
were washed briefly in PBS and pretreated with 1M HQ 
for 30min at room temperature and neutralized with 
sodium borate (0.1 M, pH 8.0) for 30min in order to 
increase the accessibility of the anti-bromodeoxyuridine 
(BrdU) antibody to the BrdU incorporated in the cell 
nuclei After rinsing with PBS, sections were transferred to 
the solution containing 0.25% Triton X-100 in PBS (PBST) 
for 30min. Then the sections were blocked in IBbl 
containing 3% donkey normal serum for lh and incubated 
with sheep anti-BrdU (1:1000; Jackson IR Laboratories, Inc. 
West Grove, PA) or mouse anti-BrdU (1:200; DSHB, Iowa 
City, IA) diluted in PBST overnight at 4°C. After rinsing in 
PBS donkey anti-mouse or donkey anti-sheep conjugated 
to rhodamine IgG (Jackson IR Laboratories, Inc.) was 
added at a 1:200 dilution in PBST for 2h at room tempera- 
ture in the dark. Then the sections were washed with PBS 
and incubated with mouse IgG2b monoclonal arrtUJvuman 
Bffl-tubulin, clone SDL3D10 (1:500, Sigma), goat anti-hu- 
man-glial filament protein (GFAP), N-terminal human 
affinity purified (1:200, Research Diagnostics Inc., Fl™ der - 
NJ) and Mouse IgGl monoclonal anti-GFAP, clone G-A-5 
(1-500, Sigma), respectively, overnight at 4°C in the dark. 
The corresponding secondary antibodies for them were 
donkey anti-mouse (1:200) and donkey anti-goat IgG 
(H+L- 1:200) conjugated to FITC (Jackson IR Laboratories, 
Inc.), respectively. Following a brief PBS washing, they 
were added into sections for 2h incubation at room tem- 
perature in the dark. Sections were then washed thor- 
oughly with PBS before mounting to glass glides. The 
mounted sections were covered with Vectashield with 4',6- 
diamidine-2-phenylindole.2HCl (DAPI, Vector Labora- 
tories, Inc., Burlingame, CA) for fluorescent microscopic 
observation. Microscopic images were taken by using the 
Axiocam digital camera mounted on the Axioscope 2 with 
Axiovision software (Zeiss). 



RESULTS . . . 

The HNSCs were expanded without differentiation under 
the influence of mitogenic factors in supplemented serum- 
free media [3]. To differentiate between hosl t and trans- 
planted cells, the nuclei of the HNSCs were labeled by the 
incorporation of BrdU into the DNA. These labeled cells 
were subsequently injected unilaterally into the lateral 
ventricle of matured (6-month-old) and aged (24-month- 
old) rats The cognitive function of these animals was 
assessed by the Morris water maze [5] before and 4 weeks 
after the transplantation of HNSCs. Before the HNSCs 
transplantation, some of the aged animals (aged memory 
unimpaired animals) had cognitive function in the range of 
the matured animals, while others (aged memory impaired 
animals) had cognitive function entirely out of the range of 
the matured animals (Fig. la). After the HNSC transplanta- 
tion, most of the aged animals had cognitive function in 
the ranee of the matured animals. Strikingly, one of the 
aged memory impaired animals displayed behavior that 
was dramatically better than the level of the matured 
animals (Fig. la). Statistical analysis showed that cognitive 
function significantly improved in both matured 
(p< 0.001, n = 8) "and aged memory impaired animals 
( p < 0 001 n = 6). In contrast, no improvement in cognitive 
function was observed in vehicle injected control animals 
In =6) or aged memory unimpaired animals (« = /) after 
the HNSC transplantation (Fig. lb). Three of the 13 aged 
animals showed deterioration of performance m the water 
maze after the HNSC transplantation. This fact needs to be 
further analyzed, but this may be due to the deterioration 
of the physical strength of these animals during the 
experimental period. 

To investigate the morphology and population of differ- 
entiated HNSCs, we further analyzed brain sections taken 
after the second water maze task by iirmnunohistochemis- 
try with cell specific markers. The transplanted HNSCs, 
with BrdU-immunopositive nuclei, were stained for human 
BHI-tubulin and human GFAP. Double immunolabeling 
with BHI-tubulin and BrdU in 3 different planes from the 
same microscopic view clearly shows the co-localizahon of 
these two signals in the same cells (Fig. 2). According to 
the manufacturer's description, the anti-SIII-tubulin anti- 
body may recognize the host (rat) BUI-rubulin. Despite this 
the specific co-localization of these BHI-tubulin and BrdU 
at different planes indicates that the majority of BIII- 
tubulin-immunopositive cells are indeed transplanted 
HNSCs This may due to the fact that Bffl-tubulin is mainly 
expressed in immature neurons, the majority of which are 
transplanted HNSCs in this study. The presence of these 
cell-specific antigens indicates that the transplanted HNSCs 
successfully differentiated into neurons and astrocytes, 
respectively. Immunohistochemical analysis of brain- sec- 
tions revealed cells intensely and extensively positive for 
human BlU-tubulin staining. Specifically, these cells were 
located primarily in the bilateral cingular and parietal 
cortexes (layer II, IV and V; Fig. 3a,b) and hippocampus 
(CA1 dentate gyrus and CA2; Fig. 3c-e). 

The transplanted HNSCs also differentiated into GFAP- 
immunopositive staining cells localized near the area 
where neuronal cells were found Further analysis with 
double immunostaining revealed that donor-derived astro- 
cytes co-localized with the neuronal fibers in the cortex 



1 128 



Vol 12 No 6 8 May 2001 



TRANSPLANTATION OF STEM CELLS TO AGED ANIMALS 



IN EUROKEPORT 



1: 




(b) 



350 

0) 

| 300 
§ 250 
£ 200 



o I00 
s 50 



0 J- 



III 



Pi 
m 



in 




Aged Aged Young 

impaired unimpaired 



Before 



After 



Fie I Effect of HNSC transplantation on memory score'in the water maze, (a) Individual memory score before and after the transplantation shows 
improvement in the majority of the animals. ■: Aged memory impaired animals, d: Aged memory unimpaired animals, ■: Matured animals, (b) Mean of 
memory score in each animal group before (0) and after « HNSC transplantation shows a significant improvement in aged memory impaired and 
young animals. The animals that received vehicle injection do not show significant difference in memory scores between before (^) and after (■) the 
injection. .... ■ " 




Fig. 2. Co-localization of pill-tubulin and BrdU immunoreactivity in the same cells, (a-c) Three different planes of the same microscopic view. The 
Plll-tubuiin-positive cells (green) show BrdU-positive nuclei (red) indicating that these cells are derived from transplanted HNSCs. 



layer HI (Fig. 3f) and CA2 region of hippocampus (Fig. 3e). 
These donor-derived astrocytes were large compared with 
host glia, having cell bodies 8-10 pm in diameter with 
thick processes and BrdU-immunopositive nuclei (Fig. 3g). 



We did not detect the above-mentioned morphologies and 
distribution of GFAP positive cells in the control rats that 
received no HNSC transplantation. When we stained with 
an anti-GFAP antibody that recognizes rat GFAP (Sigma, 
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clone G-A-5), the host astrocytes had small cell bodies with 
multiple delicate processes, which were distributed mainly 
in the white matter and around the edge of the bram (data 
not shown). 

DISCUSSION . 

There are two possible mechanisms to explain the bene- 
ficial effects of the HNSC transplantation on cognitive 
function of the host brain. One is replacement or augmen- 
tation of neuronal circuit by the HNSC-denved neurons 
and other is the neurotrophic action of factors released 
from the transplanted HNSCs. Although the following 
morphological study shows extensive ^corporator i ot 
HNSCs and massive growth of neuronal fibers in the hos 
brain area related to spatial memory task, HNSCs may still 
migrate toward the damaged neurons and rescue them by 
the production of neurotrophic factors. Therefore, a syner- 
gism between these two mechanisms may exist and allow 
for the successful transplantation. 

Since the spatial memory of HNSC-transplanted animals 
as assessed by the Morris water maze improved, incor- 
poration of HNSCs into the brain areas known to be 
related to spatial memory [5,6] allowed for an improve- 
ment in spatial memory. Although pni-tubulin is consid- 
ered to be an early neuronal marker and physiological and 
electromicroscopic investigations will be required 1 to deter- 
mine the functional incorporation of these HNSC-denved 
neurons, the morphological observation indicates that func- 
tional association of these cells to the host bram occurred. 
Further histochemical analysis revealed that the pm-tubu- 
lin-positive donor-derived cells found in the cerebral cortex 
were characterized by having dendrites pointing to the 
edge of the cortex whereas in the hippocampus, donor- 
derived neurons exhibited morphologies with multiple 
processes and branches. These differential morphologies of 
the transplanted HNSCs in different brain regions indicate 
that site-specific differentiation of HNSCs occurs according 
to various factors expressed in each bram region. 

We observed strong astrocyte staining in the frontal 
cortex layer 3 and CA2 region of hippocampus, areas 
where astrocytes are not normally present in the animal. 
The migration of HNSCs to the CA2 raises particular 
interest because CA2 pyramidal neurons highly express 
bFGF and the expression of bFGF is up-regulated^ by 
entorhinal cortex lesions [7-9]. The CA2 pyramidal neur- 
ons in the host brain may express bFGF as a response to a 
reduction of synaptic transmission, an event that may 



occur during aging. Subsequently, this expressed bFGF can 
S as a signal for the transplanted HNSCs to respond 
migrate and/or proliferate under the influence of bFGF 
produced in the host brain after the transplantation 

The regions rich in astrocyte staining are also the same 
regions where the extensively stained neuronal fibers were 
identified (Fig. 3a,c,e). During development glial cells have 
many complex functions, such as neuronal and axonal 
guidance, and production of trophic factors [10]. It has 
been suggested that following transplantation, migrating 
glial cells guide and support the growth and extension of 
neuronal fibers [11]. However, other studies have argued 
that glial cells may be detrimental by £ f o^^S an extensive 
interface between the host and graft [12], Although the 
mechanism(s) of glia-neuron interaction in the HNSC- 
transplanted host brain is not well understood, this over- 
lapping distribution of glial and neuronal fibers strongly 
suggests that this interaction plays a pivotal role in tte 
survival, migration, and differentiation of transplanted 

HNSCs. . . , 

The most significant difference in our experimental 
procedure is the lateral intraventricular transplantation of 
undifferentiated HNSCs in' the form of neuro-spheroids. 
While many studies were done with in^-tissue injec hon 
of dissociated and partially differentiated NSCs [4,13-15], 
we employed spheroid injection because the dissociation 
of neuro-spheroids is known to cause immediate senes- 
cence of NSCs and increase the vulnerability of NbCs in 
culture [16]. Another added benefit of intraventricular 
injection is that since there is less tissue destruction, it may 
induce less recruitment of immune cells by the host. This 
is evidenced by the lack of increased host astrocyte 
staining without any immunosuppression. The mechanism 
behind transplanted cell migration into the bram through 
the ventricle is as yet still unknown. However, our results 
indicate that the mechanism may lie behind a direct 
integration into the host brain. Specifically, immunohisto- 
chemical analysis revealed that some of the BrdU cells 
were found to be situated along the lateral ventricular wall 
while a few appeared to have integrated directly into the 
cells lining the ventricle. Similar observations were re- 
ported in a variety of studies using neuronal transplanta- 
tion to the lateral ventricle of animals. The intraventricular 
transplantation used in this study may provide an alter- 
native route to the site-specific injection by which the 
grafted cells may gain access to various structures by the 
flow of CSF. 



immunoreactivity as markers for neuron and gl,a. respect ;1 ve ly^a) HNS Cs m«ra ted n o ^ ^ dendrites W p re 

Plll-tubulin-positive cells (green) which have [.-"orphoog^ s^ typ.cal ^W^*" ^ the ^p^ution'the transplanted cel.s will have BrdU- 
pointed towards to the edge of the cortex. S.nce we labeled HNSC D ^A witn »™ u r B rdU-positive nuclei are observed w.th fJIII- 

lo itive nuclei (red). Contrarily. the host cell's nuclei are counterstamed wth ?^ ^ "^)- m Higher magnification of the parietal cortex in cortex 
S immunoreactivity in layer .1 and without pill-tubulin *<™r~^ "^Z^^SZ^^r host cell's nude) are stained with 
layer IV: All the pMII-tubulin-immunoreactive (green) posit.ve eel Is ^.Jft-^jS into the hippocampus and differentiated into pill-tubulin 
on y |y DAPI (blue) H HNSCs tend to have larger nude, than ho t ceHs_ ^^^J^^ J'Jn^.vposltlv. cells have BrdU-positive- 
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Following iirununohistochemistry, a symmetrical distri- 
bution of neurons and astrocytes at both sides of the host 
brain was observed, indicating that the progeny of these 
HNSCs have a great potential for migration. Although 
astrocytes have been shown to migrate over long distances 
following transplantation [17-19], there is experimental 
evidence showing that neurons do not migrate as widely 
as glial cells [20]. In our study, the neuronal precursors 
derived from the HNSCs seem to possess similar migratory 
ability as the astrocyte precursors. This may be due to the 
fact that we transplanted undifferentiated HNSCs and such 
an immature stage for both glia and neuron possesses the 
potential to migrate over long distances. The extensive 
incorporation of neuronal and glial cells found in the 
cortex and other sub-regions of the hippocampus may be 
interpreted as evidence for the significance of local cues or 
signals within these regions which enable these grafted 
NSCs to migrate. It remains to be demonstrated, however, 
to what extent these newly formed neurons can undergo 
complete maturation with physiologically functional con- 
nections to the host brain. 

Many studies have discovered the existence of endogen- 
ous precursor cells in certain regions of the brain. These 
regions include the anterior subventricular zone (SVZ) and 
the hippocampal dentate gyrus, areas where neurogenesis 
continues into adulthood in mammalian species, including 
humans [21-23]. The presence of multipotent neural cells 
in the adult brain similar to the fetal neural stem cell in 
these brain regions indicates the importance of microenviron- 
ments to neural progenitors. Aging is characterized by 
increased levels of inflammation in the CNS [24,25]. Thus, 
it is reasonable to speculate that factors existing in the 
environment of the aged brain may direct the non-neuro- 
nal differentiation pathway. However, in our current 
study, the transplanted HNSCs successfully generated 
many morphologically functional neurons in the aged 
animals. In a previous study, we observed that initial glial 
differentiation of HNSCs was followed by neuronal differ- 
entiation in a serum-free culture media without any addi- 
tional factor [3]. This finding suggests that glial 
differentiation caused by the serum deprivation produced 
factors that allowed neurons to differentiate. Since we 
observed an association of astrocytes and neurons derived 
from HNSCs in this study, we may have to consider the 
possibility that the donor astrocytes may direct the neurb- . 
nal differentiation. 



CONCLUSION 

In order to facilitate therapeutic HNSC application to the 
general adverse consequences of aging and neurodegenera- 
tive diseases, it is important to understand these environ- 
mental factors which direct the differentiation fate of these 
HNSCs to diverse lineages in vivo. While future studies are 
needed to elucidate these environmental factors, we have 
none the less demonstrated that HNSC transplantation into 
the brains of aged memory impaired rats significantly 
improved their cognitive function. Moreover, not only did 
the HNSCs successfully differentiate into neurons and 
astrocytes, but more importantly, both neurons and astro- 
cytes migrated to the cortex and hippocampus in a well- 
defined and organized pattern in the adult brain. 
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We examined the myelin repair potential of trans- 
planted neural precursor cells derived from the adult 
human brain from tissue removed during surgery. 
Sections of removed brain indicated that nestin-posi- 
tive cells were found predominately in the subven- 
tricular zone around the anterior horns of the lateral 
ventricle and in the dentate nucleus. Neurospheres 
were established and the nestin-positive cells were 
clonally expanded in EGF and bFGF. Upon mitogen 
withdrawal in vitro, the cells differentiated into neu- 
ron- and glia-like cells as distinguished by antigenic 
profiles; the mstfority of cells in culture showed neuro- 
nal and astrocytic properties with a small number of 
cells showing properties of oligodendrocytes and 
Schwann cells. When transplanted into the demyeli- 
nated adult rat spinal cord immediately upon mitogen 
withdrawal, the cells elicited extensive remyelination 
with a peripheral myelin pattern similar to Schwann 
cell myelination characterized by large cytoplasmic 
and nuclear regions, a basement membrane, and P0 
immunoreactivity. The remyelinated axons conducted 
impulses at near normal conduction velocities. This % 
suggests that a common neural progenitor cell for CNS 
and PNS previously described for embryonic neuroep- 
ithelial cells may be present in the adult human brain 
and that transplantation of these cells into the demy- 
elinated spinal cord results in functional remyelina- 
tion. o 2001 Academic Press 
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INTRODUCTION 

Multipotent precursor or stem cells are present in 
the mammalian central nervous system (CNS) during 
development and in the adult brain (16, 26, 33, 38, 42, 
48). A recent study has demonstrated that neuro- 
spheres can be developed from multipotent/progenitor 




cells from neurogenic regions of the adult human brain 
(30). Neural precursor cells can be isolated and ex- 
panded in culture in the presence of mitogens such as 
epidermal growth factor (EGF) or basic fibroblast 
growth factor (bFGF) (8, 17, 20, 27, 53). After with- 
drawal of the mitogens and with appropriate growth 
factors or substrates these cells can differentiate into 
neurons or glia (44, 48). When transplanted into the 
embryonic or neonatal CNS both neurons (6, 50, 53) 
and oligodendrocytes (20, 37) have been generated. 
These cells appear to differentiate and integrate into 
the host CNS because they form functional synapses 
(neurons) and myelinate (oligodendroctyes) axons. 
However, when injected into the adult CNS, stem cells 
differentiate into primarily astrocytes (35). These re- 
sults indicate that environmental signals may direct 
the specification of cell lineage. 

Multipotential neural progenitor cells derived from 
the fetal human brain propagate and differentiate in 
culture and in vivo (10, 39, 52). Progenitor cells from 
adult animals have been cultured from the subependy- 
mal zone (SEZ) (25, 26, 38, 48), the subventricular zone 
(SVZ) (33, 38), the hippocampus (16, 42), and the spinal 
cord (27, 40, 46). A recent study suggested that ependy- 
mal cells may be a source of progenitor cells (25), but a 
GFAP-positive cell distinct from, but adjacent to, 
ependymal cells has been recently implicated as the 
primary neural progenitor cell type of the subventricu- 
lar region (13). 

While oligodendrocytes normally myelinate CNS ax- 
ons, Schwann cells can remyelinate CNS axons after 
injury (14) and following transplantation into the de- 
myelinated CNS (4, 22). Schwann cells can be derived 
from single cell clones of neural crest cells (31). Muj- 
taba et aL (40) have distinguished a common neural 
progenitor for the PNS and the CNS. They found that 
cultured neuroepithelial cells derived from embryonic 
rat spinal cords can differentiate into CNS precursors 
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TABLE 1 



Tissue Derivation Sites for Cultures from Patients with Lobe Resections for Tumor Removal 


Case 


Age/sex 


Diagnosis 


Location 


Culture 


1 


35/F 


Glioma 


Frontal lobe (SVZ/SEZ) 


+ 


2 


19/M 


Glioblastoma 


Frontal lobe (SVZ/SEZ) 


+ 


3 


64/F 


Glioblastoma 


Temporal cortex 




4 


62/F 


Glioma (low grade) 


Temporal lobe, hippocampus 


+ 


5 


44/F 


Glioma (low grade) 


Frontal cortex 





Note. The patients ranged in age from 19 to 64 years old and all had a diagnosis of glioma or glioblastoma. Neural progenitor cells were 
cultured from frontal and temporal lobe tissue which included periventricular, subependymal, or subventricular zones. Cultures derived from 
frontal or temporal cortex did not yield neural progenitor cells in culture. 



which can differentiate into CNS neurons and glia and 
PNS precursors which can differentiate into neural 
crest cells which give rise to peripheral neurons, 
Schwann cells, and smooth muscle. Recently, 
Keirstead et al (28) demonstrated that immuno- 
selected precursor cells from neonatal rat forebrain 
expressing the polysialyated (PSA) form of the neural 
cell adhesion molecule (NCAM), which mostly generate 
oligodendrocytes and astrocytes in vitro, can produce 
peripheral myelin in vivo. 

To test the ability of neural precursor cells derived 
from the adult brain to differentiate into myelin-form- 
ing cells and repair the adult demyelinated CNS, we 
transplanted clonal neural progenitor cells derived 
from the adult human brain into an experimentally 
established glial-free zone in the dorsal columns of the 
rat spinal cord. Although these precursor cells differ- 
entiated upon mitogen withdrawal in culture into neu- 
rons and astrocytes and to a lesser extent oligodendro- 
cytes, when transplanted into a demyelinated glial-free 
zone of the adult rat spinal cord, they extensively re- 
myelinated the axons and restored near normal con- 
duction velocity. The majority of the myelinated axons 
displayed a peripheral pattern of myelination which is 
characterized by PO immunoreactivity, large nuclear 
and cytoplasmic regions of the myelin-forming cells 
surrounding the axons and a basement membrane. 
These data provide evidence that clonal neural precur- 
sor cells derived from the adult brain can give rise to 
Schwann-like cells which form functional myelin when 
transplanted into an axon-enriched glial-free environ- 
ment of adult central white matter. Thus, these data 
suggest that a common neural progenitor cell for the 
CNS and the PNS described for embryonic neuroepi- 
thelial cells (40) may also be present in the adult hu- 
man brain. 

METHODS 

Derivation of Adult Human Tissue 

Brain tissue was obtained from five patients under- 
going lobe resection for tumor (glioma) removal (Table 



1). Either tissue was fixed and prepared for sectioning 
and immunohistochemistry or selective regions were 
dissociated for preparation of neurospheres. As our 
cells were derived from the adult human brain re- 
moved because of glioma, criteria were established to 
distinguish the neurospheres from the glioma cells. 
First, when cultured alone the glioma cells did not float 
but adhered to the bottom of the culture flasks. More- 
over, they continued to propagate even when they be- 
came confluent; the neurosphere-derived cells stopped 
dividing upon becoming confluent. We also removed 
tissue from regions remote from the site of the glioma. 
The glioma cells continued to propagate with and with- 
out the presence of mitogens. The proliferative proper- 
ties of the glioma cells, their adherence to the bottom of 
the flasks, and their inability to produce small floating 
cells that coalesce to form neurospheres indicate that 
these cells were likely not present in the neurosphere 
cultures utilized for this study. 

Nestin Immunoreactivity in Brain Slices 

The whole human brain was obtained from a cadaver 
of a 24-year-old female. The cerebral cortex, subven- 
tri^ular zone, and hippocampus were fixed with 4% 
paraformaldehyde in 0.14 M Sorensen's phosphate 
buffer (pH 7.4) at 4°C for 24 h and dehydrated with 
30% sucrose in 0.1 M phosphate-buffered saline (PBS) 
for overnight. The tissues were then placed in OCT 
compound (Miles Inc.) and frozen in liquid N 2 , and 
10-/im sections were cut with a cryostat. Sections were 
dried onto silane-coated slides. Immunohistochemistry 
was carried out using an anti-nestin antibody (nestin; 
1:5000 anti-monoclonal mouse anti-nestin, Chemicon). 
The primary antibody was visualized using Vectastain 
ABC-AP mouse IgG kit (Vector Laboratories) and al- 
kaline phosphatase substrate kit 4 (BCIP/NBT; Vector 
Laboratories) according to the manufacturer's instruc- 
tion. After immunostaining, slides were covered by 
coverglasses using Crystal/Mount (Biomeda Corp.). 
Photographs were taken on a Zeiss microscope (Axio- 
skop FS). 
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Primary Culture of Adult Human Neural Precursor 
Cells 

Tissue samples were obtained from frontal cortex, 
temporal cortex, hippocampus, and the subventricular/ 
subependymal zone of the frontal lobe in adult humans 
operated on to remove brain tumors (summarized in 
Table 1). The samples were dissected in L-15 medium; 
rinsed; enzymatically treated in L-15 containing 0.01% 
DNase I, 0.25% trypsin, and 0.1% collagenase at 37°C 
for 30 min; and mechanically dissociated by brief trit- 
uration with a fire-polished silicon-coated Pasteur pi- 
pette. The cells were collected by centrifugation, resus- 
pended in serum-free medium (NPMM, neural progen- 
itor cell maintenance medium, Clone tics, San Diego, 
CA) supplemented with 10 ng/ml bFGF and 10 ng/ml 
EGF, and plated onto 100-mm 2 laminin-coated tissue 
culture plates at 8 X 10 5 cells per plate. The next day, 
the cells were resuspended and then plated onto 100- 
mm 2 noncoated culture plates. Six hours later, the 
supernatant was collected and replated onto 100-mm 2 
noncoated culture plates. Cells were maintained at 
37°C in 5% C0 2 /95% 0 2 . bFGF and EGF were added 
daily and culture medium was changed weekly. Spher- 
ical masses (i.e., neurospheres) became visible after 
7-10 days in culture. 

Clonal Expansion and Induced Differentiation of 
Adult Human Neural Precursor Cells 

A spherical mass of cells in the primary culture dish 
was collected under microscopy and was dissociated by 
incubation in HBSS containing 0.05% trypsin and 
0.01% DNase I. The dissociated cells were cloned by 
limiting dilution in 96-well plates. After the single cell 
expansion, a spherical mass of cells in the secondary 
culture was collected and the same procedure was re- 
peated for further subcloning. In all processes, cells 
which were not dissociated well were discarded to 
avoid contamination. * " ^ 

Differentiation of the clones was initiated by enzy- 
matically and mechanically dissociating the cellular 
sphere (neurosphere) and culturing on polyethylenei- 
mine-pretreated plates in the absence of mitogen. 

Phenotypic Analysis in Vitro: Immunocytochemistry 

Cultured cells were rinsed in PBS and fixed for 15 
min with a fixative solution containing 4% paraformal- 
dehyde in 0.14 M Sorensen's phosphate buffer, pH 7.4, 
4°C. Fixed cells were incubated for 15 min in a blocking 
solution containing 0.2% Triton X-100 and 5% normal 
goat serum before incubation with the primary anti- 
body. The primary antibodies used were anti-a-micro- 
tubule-associated protein 2 (MAP-2; 1:10,000 monoclo- 
nal mouse anti-MAP-2, Upstate Biotechnology), anti-T 
(r 1:1,000 monoclonal mouse anti-r, Sigma), anti-]3- 
tubulin type III (TUJ-1; 1:500 monoclonal mouse anti- 



TUJ-1, Babco), anti-neurofilament (NF; 1:1,000 mono- 
clonal mouse anti-NF, Nitirei), anti-neuron-specific 
enolase (NSE; 1:1,000 polyclonal rabbit anti-NSE, 
Nitirei), anti-glial fibrillary acidic protein (GFAP; 
1:200 polyclonal rabbit anti-GFAP, Nitirei), anti-04 
(04; 1:100 monoclonal mouse anti-04, Boehringer 
Mannheim), anti-galactocerebroside (GalC; 1:200 
monoclonal mouse anti-GalC, Boeringer Mannheim), 
anti-nestin (nestin; 1:5,000 monoclonal mouse anti- 
nestin, Chemicon), anti-A2B5 (1:100 monoclonal 
mouse anti-A2B5, Boehringer Mannheim), anti-vimen- 
tin (Vim; 1:100 monoclonal mouse anti-Vim, Nitirei), 
anti-peripheral myelin protein (P0; 1.200 monoclonal 
rabbit anti-PO antibody, kindly provided by Dr. D. Col- 
man), and anti-S-100 protein (S-100; 1:1000 polyclonal 
rabbit anti-S-100, Nitirei). Triton-X was omitted in the 
reaction with A2B5, GalC, and 04 primary antibody. 
The primary antibody was visualized using goat anti- 
mouse and goat anti-rabbit IgG antibody with fluores- 
cein (FITC) (1:100, Jackson ImmunoResearch Labora- 
tories, Inc.) or alkaline phosphatase reaction (Zymed) 
according to the manufacturer's instructions. After im- 
munostaining, coverslips were mounted cell side down 
on microscope slide using mounting medium (Dako). 
Photographs were taken on a Zeiss immunofluorescent 
microscope (Axioskop FS). 

LacZ Transfection into the Clonal Adult Human 
Neural Precursors 

An expression vector for mammalian cells which con- 
tains the LacZ gene was used to transduce the bacte- 
rial j3-galactosidase (/3-gal) gene into clonally expanded 
neural precursors derived from the human brain. 
Clones of neural precursors were transfected by 
pcDNA3.1/His/LacZ (Invitrogen) constructed by clon- 
ing the /3-gal gene into the pcDNA vector. The CMV 
provided the promoter for the j3-gal gene. The simian 
virus 40 early promoter and the neomycin resistance 
v gene, transmitting G418 resistance, are present down- 
stream from the j3-gal gene to permit selection of trans- 
fected colonies. Lipofectamine (20 ^g/ml; Gibco) was 
used to transfect the expression vector pcDNA3.1/His/ 
LacZ (10 /xg/ml) to cultured precursors, which were 
rapidly proliferating under the influence of mitogen. 
Transfected precursors were then selected by incuba- 
tion with the neomycin analogue G418 (400 /xg/ml). 
Five rats received transplants from neuroprecursors 
transfected with the LacZ gene. 



Animal Preparation and Transplantation 

Experiments were performed on 12-week-old Wistar 
rats (8 unoperated controls, 10 demyelinated, and 15 
demyelinated with transplants). The transplant exper- 
iments (n - 15) were carried out in three groups of 5 
rats for a repeat of three times. A focal demyelinated 
lesion was created in the dorsal column of the spinal 
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cord using X-irradiation and ethidium bromide injec- 
tion (EB-X) utilizing a method similar to that of Hon- 
mou et al. (22). Briefly, rats were anesthetized with 
ketamine (75 mg/kg) and xylazine (10 mg/kg) ip, and a 
40-Gy surface dose of X-irradiation was delivered 
through a 2 x 4-cm opening in a lead shield (4 mm 
thick) to the spinal cord caudal to the 10th thoracic 
level (T-10) using a Softex M-150 WZ radiotherapy 
machine (100 kV, 1.15 mA, SSD 20 cm, dose rate 200 
cGy/min). Three days after irradiation, rats were anes- 
thetized as above and, using sterile technique, a lami- 
nectomy was performed at T-ll. The demyelinating 
lesion was induced by the direct injection of EB into the 
dorsal column via a drawn glass micropipette. Injec- 
tions of 0.5 M l of 0.3 mg/ml EB in saline were made at 



depths of 0.7 and 0.4 mm near the midline of the dorsal 
columns at three longitudinal sites separated by 2 mm. 
A suspension of clonal progenitors (1 x 10 4 cells/jul) in 
1/a1 medium was injected into the middle of the EB-X- 
mduced lesion 3 days after the EB injection. Trans- 
plant-receiving rats were immunosuppressed with cy- 
closporin A (10 mg/kg/day, sc, kindly provided by No- 
vartis Pharma AG, Basel, Switzerland). 

Histological Examination 

The rats were deeply anesthetized with sodium pen- 
tobarbital (50 mg/kg, ip) and perfused through the 
heart, first with PBS and then with a fixative solution 
containing 2% glutaraldehyde and 2% paraformalde- 
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FIG. 2. Cell differentiation in culture after mitogen removal. 
Phase contrast photomicrographs showing a neuron-like cell (A, left), 
an astrocyte-like cell (B, left), and an oligodendrocyte-like cell (C, 
left). Immunolabeling of the cells with anti-MAP-2 (A, right), anti- 
GFAP (B, right), and anti-GalC (C, right) indicates neuronal, astro- 
cytic, and oligodendrocytic phenotypes, respectively. The primary 
antibody was visualized using goat anti-mouse and goat anti-rabbit 
IgG antibody with alkaline phosphatase reaction. Bar, 25 /im. 



hyde in 0.14 M Sorensen's phosphate buffer, pH 7.4. 
Following in situ fixation for 10 min the spinal cord 
was carefully excised, cut into 1-mm segments, and 
placed into fresh fixative. The tissue was washed sev- 
eral times in Sorensen's buffer, postfixed with 1% Os0 4 
for 2 h at 25°C, dehydrated in graded ethanol solutions, 
passed through propylene oxide, and embedded in 
EPON. Thick sections (1 fxm) were cut, counterstained 
with 0.5% methylene blue, 0.5% azure II in 0.5% borax, 
and examined with a light microscope (Zeiss: Axioskop 
FS). Semithin sections were counterstained with ura- 
nyl and lead salts and examined with a JEOL 
JEM1200EX electron microscope operating at 60 kV. 

Detection of fi-Galactosidase Reaction Products in 
Vitro and in Vivo 

jS-Gal-expressing cells were detected in vitro by in- 
cubating the cultured neurospheres with X-Gal to form 
a blue color within the cell (data not shown). Neuro- 
spheres were fixed in 0.05% glutaraldehyde, washed 
with PBS, and then incubated with X-Gal to a final 
concentration of 1 mg/ml in X-Gal developer (35 mM 



K 3 Fe(CNy35 mM K 4 Fe(CN) 6 .3H 2 0/2 mM MgCl 2 in 
phosphate-buffered saline). Cells were then incubated 
at 37°C overnight and examined by light microscopy 
for the presence of a blue reaction product. 

Three weeks after transplantation, j3-galactosidase- 
expressing Schwann-like cells were detected in vivo. 
Spinal cords were removed and fixed in 0.5% glutaral- 
dehyde in phosphate buffer for lh. Sections (100 /xm) 
were cut with a vibratome and j3-galactosidase-ex- 
pressing Schwann-like cells were detected by incubat- 
ing the sections at 37°C overnight with X-Gal to a final 
concentration of 1 mg/ml in X-Gal developer to form a 
blue color within the cell. The slices were then fixed in 
10% paraformaldehyde in phosphate buffer overnight, 
dehydrated, and embedded in paraffin. Transverse sec- 
tions (3 ixm) were cut and examined by light micros- 
copy (Zeiss; Axioskop FS) for the presence of a blue 
reaction product (/3-galactosidase reaction product). 

Phenotypic Analysis in Vivo: Immunohistochemistry 

Three weeks after transplantation, the peripheral 
myelin protein PO-expressing myelin-forming cells 
were detected in vivo. The rats were deeply anesthe- 
tized with sodium pentobarbital (50 mg/kg, ip) and 
perfused through the heart, first with PBS and then 
with a fixative solution containing 10% paraformalde- 
hyde in 0.14 M Sorensen's phosphate buffer, pH 7.4. 
Spinal cords were removed, fixed in 10% paraformal- 
dehyde in phosphate buffer for overnight, dehydrated, 
and embedded in paraffin. Transverse sections (3 fim) 
were cut. Paraffin wax-embedded sections were de- 
waxed in xylene and treated with 1% hydrogen perox- 
ide. Monoclonal rabbit anti-PO antibody (1:200), poly- 
clonal rabbit anti-NSE antibody (1:1000), and poly- 
clonal rabbit anti-GFAP antibody (1:200) were applied. 
The primary antibody was visualized using goat anti- 
rabbit IgG antibody with peroxidase reaction. The nu- 
cleus was counterstained with hematoxylin. After de- 
hydration with 70% alcohol, coverslips were mounted 
tissue side down on microscope slide using mounting 
medium (Dako). Photographs were taken on a Zeiss 
microscope (Axioskop FS). 

Field Potential Recording 

After induction of deep anesthesia (sodium pentobar- 
bital 50 mg/kg, ip), the spinal cords of control (n = 5), 
demyelinated (n - 5), and transplanted rats (n = 5) 
were quickly removed and maintained in an in vitro 
submersion-type recording chamber with a modified 
Krebs' solution (containing 124 mM NaCl, 26 mM 
NaHC0 3 , 3mM KC1, 1.3 mM NaH 2 P0 4 , 2 mM MgCl 2 , 
10 mM dextrose, 2 mM CaCl 2 ; saturated with 95% 0 2 
and 5% C0 2 ) (Fig. 6A). Field potential recordings of 
compound action potentials were obtained with glass 
microelectrodes (1-5 MO; 1 M NaCl) positioned in the 
dorsal columns, and signals were amplified with a 



32 



AKIYAMA ET AL. 



high-input impedance amplifier (Axoclamp 2A; Axon 
Inc.) and stored on a digitizer (Nicolet Pro 34). The 
axons were activated by electrical stimulation of the 
dorsal columns with bipolar Teflon-coated stainless- 
steel electrodes cut flush and placed lightly on the 
dorsal surface of the spinal cord. Constant current 
stimulation pulses were delivered through stimulus 
isolation units and the timing of the pulses was con- 
trolled by a digital timing device. The recorded field 
potentials were positive-negative-positive waves cor- 
responding to source-sink-source currents associated 
with propagating axonal action potentials (22, 29); the 
negativity represents inward current associated with 
the depolarizing phase of the action potential. 

All variances represent standard error (±SEM). Dif- 
ferences among groups were assessed by unpaired two- 
tailed t test to identify individual group differences. 
Differences were deemed statistically significant at 
P < 0.05. 



RESULTS 

Regional Distribution of Nestin-Positive Cells in the 
Adult Human Brain 

Nestin immunoreactivity was studied in human 
brain sections obtained from the periventricular region 
of the frontal lobe, the hippocampal complex, and the 
frontal cortex. Islands of nestin-positive cells were 
found in each of these regions. The SEZ/SVZ regions 
located below the ependyma of the lateral margin of 
the anterior horn of the lateral ventricle contained a 
relatively high density of cells (Figs. 1A and IB). The 
nestin-positive cells were either dispersed or localized 
in small groups. Within the hippocampal complex, the 
external surface of the dentate gyrus also contained a 
relatively high density of nestin-positive cells; Am- 
nions horn (CA1-CA4) had a paucity of nestin-positive 
cells. Although frontal cortex had recognizable nestin-^ 
positive cells, they were scattered and much less dense 
and localized compared to the SEZ/SVZ and the den- 
tate gyrus. 

Brain tissue was removed from five patients (See 
Methods and Table 1) and divided from each patient for 
preparation of neurospheres in culture. We could pre- 
pare neurospheres from the SEZ/SVZ in two and from 
the temporal lobe/hippocampus in one patient (Table 
1). We were unsuccessful in obtaining neurospheres 
from tissue in the temporal cortex and frontal cortex in 
two other patients. Neurospheres used in this study 
were prepared from the SEZ/SVZ from two patients. 

Clonal Expansion of Nestin-Positive Cells 

Nestin-positive cells isolated from the adult human 
brains were expanded by daily addition of EGF and 
bFGF in serum-free medium (see Methods). These cells 



grew as neurospheres and were expanded for a week or 
more in culture. A continuous supply of mitogens (EGF 
and bFGF) was important to repress differentiation 
and maintain a homogeneous population of self-renew- 
ing nestin-positive cells. As described below, upon mi- 
togen withdrawal putative neuronal and glial lineages 
could be differentiated from these cells. In order to 
determine if the nestin-positive cells were generated by 
separate committed precursors or by a common multi- 
potential precursor cell, a single cell clonal expansion 
method was used prior to mitogen withdrawal. Using 
the limiting dilution method (see Methods), individual 
dissociated cells (Fig. 1C1) from a sphere of nestin- 
positive cells were plated in a 96-well culture dish. An 
example of reestablishment of a neurosphere of nestin- 
positive cells from an individual cell is shown in Fig. 
1C. Note the cellular proliferation in Figs. 1C1-1C5 
over 4 weeks in culture. Figure ID shows that these 
cells were indeed nestin positive after expansion. All 
expanded colonies displayed similar properties, thus 
indicating the clonal nature of the cells. Continued 
proliferation was observed for over 8 months in vitro in 
the presence of mitogen, and subclones could be estab- 
lished from these clonal cell lines allowing further ex- 
pansion of the cells by repeating the limiting dilution 
method. 

Characterization of the Human Precursor Cells 
Following Withdrawal of Mitogens in Culture 

While the purpose of this study was not to study in 
detail lineage of the precursor cells but to study their 
fate when transplanted into a demyelinated region in 
vivo, we carried out some phenotypic characterizations 
to define our precursor cell population. To examine the 
multipotentiality of clones, expanded spheres of the 
nestin-positive clonal cells were dissociated and plated 
on polyethyleneimine-coated coverslips and main- 
tained in culture in the absence of mitogen. At least 
"three morphologically distinct cell types were observed 
from a dissociated neurosphere of clonally expanded 
cells (Figs. 2A-2C). The antigenic and morphological 
features of these cells were similar to those of rat stem 
cell cultures described in detail elsewhere (26). The 
three most common morphologies of cells were rela- 
tively small fusiform cells typically with two or three 
neurites (Fig. 2A), a larger multipolar cell (Fig. 2B), 
and a small spherical multipolar cell (Fig. 2C). Cells 
showing these morphologies stained positively for 
MAP-2, GFAP, and GalC, respectively (Figs. 2A-2C, 
right panels; different cells from the left panels), thus 
suggesting neuron-, astrocyte-, and oligodendrocyte- 
like differentiation. 

The relative distribution of these cell types with var- 
ious markers for neurons and glia is shown in Fig. 3. 
Note that the largest proportions of cells stained with 
MAP-2, TUJ-1, NSE, GFAP, and Vim. A2B5-labeled 
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cells were very limited. A very small proportion of cells 
were labeled by GalC and S100; 04 and PO staining 
was virtually absent. This pattern of staining was sim- 
ilar from clone to clone. In a limited number of exper- 
iments dual immunolabeling was carried out to di- 
rectly show multiple cell lineage derived from a clonal 
cell (data not shown); i.e., some cells stained positive 
for MAP-2 and TUJ-1 suggesting neuronal elements 
while others in the field were negative for those mark- 
ers but positive for GFAP. We are careful with this 
level of analysis not to define these cells as being fully 
committed to neurons or astrocytes, but rather that 
upon mitogen withdrawal in culture that they differ- 
entiate in a pattern consistent with these phenotypes. 
Vhese results are in agreement with other studies 
showing a relatively large number of neuron-like and 
astrocyte-like cells differentiating from neural precur- 
sor cells in culture after mitogen withdrawal, and a 
paucity of oligodendrocytes and Schwann cells (26, 27). 

Transplantation of Neural Precursor Cells into a 
Glial-Free Spinal Cord Tract 

The dorsal columns of the lumbar spinal cords were 
X-irradiated and subsequently injected with a nuclear 
chelator, ethidium bromide, to kill glial cells and to 
inhibit mitosis of endogenous glial cells (EB-X model; 
see Methods). The lesion induced by this procedure is 
characterized by virtually complete loss of endogenous 
glial elements (astrocytes and oligodendrocytes) with 
preservation of axons, i.e., a demyelinated lesion with 
no glia. The lesion occupies the entire dorsoventral 
extent of the dorsal columns for 5-7 mm longitudinally 
(5, 22, 23). No endogenous invasion of Schwann cells, 
oligodendrocytes, or astrocytes occurs before 6 to 8 
weeks at which time these cells begin to invade the 
lesion from its peripheral borders. Thus, a demyeli- 
nated and glial-free environment in vivo is present for 
at least 6 weeks.. *\ 

Myelinated axons in the normal dorsal columns are 
shown in the photomicrograph in Fig. 4A. After induc- 
tion of an EB-X lesion virtually all of the axons are 
demyelinated, and astrocytes and oligodendrocytes are 
killed providing an aglial environment with preserved 
demyelinated axons and macrophages with cellular de- 
bris (Fig. 4B). Three weeks after injection of clonal 
human neural precursor cells into the central region of 
the lesion in immunosuppressed rats (cyclosporin A; 
see Methods), there was extensive remyelination of the 
axons (Figs. 4C and 4D). Remyelination was observed 
across the entire coronal dimension of the dorsal col- 
umns and considerably throughout the anteroposterior 
extent of the lesion. While it is well established that no 
endogenous remyelination by oligodendrocytes or 
Schwann cells occurs in this lesion model for at least 6 
weeks (5), some donor cells were transfected with the 



reporter gene LacZ and X-Gal-positive cells were ob- 
served forming myelin (Fig. 4E). 

The anatomical pattern of myelination was similar 
to that produced by Schwann cells, i.e., large cytoplas- 
mic and nuclear regions surrounding the remyelinated 
axons (Fig. 4D, arrows). Immunoreactivity for the pe- 
ripheral my elin-specific protein, PO, was observed in 
the myelin of the transplanted regions further indicat- 
ing that Schwann cells were differentiated in vivo from 
the neural precursor cells (Fig. 4F). Electron micro- 
scopic examination of the remyelinated axons reveals 
ultrastructural features of peripheral myelin (Fig. 5A). 
The axons were ensheathed by relatively thick myelin 
surrounded by large cytoplasmic and nuclear regions 
characteristic of Schwann cell myelination (4, 22). Nor- 
mal and demyelinated dorsal column axons are shown 
in Figs. 5B and 5C, respectively, for comparison. More- 
over, a basement membrane, which is not observed 
around axons myelinated by oligodendrocytes, was ob- 
served around the myelin-forming cells after neural 
precursor cell transplantation (Fig. 5A, arrowheads). 
The morphological features and presence of PO immu- 
noreactivity indicate that the CNS-derived precursor 
cells differentiate in vivo into a cell with peripheral 
Schwann cell characteristics. 

Restoration of Normal Conduction Velocity in the 
Remyelinated Axons 

Spinal cords from control, demyelinated, and trans- 
planted rats were removed and maintained in an in 
vitro recording chamber (see Methods). The dorsal col- 
umns were stimulated on the surface with bipolar elec- 
trodes and glass microelectrodes were used to record 
field potentials at various points through the lesion 
area (Fig. 6A). The recordings in Fig. 6B are superim- 
posed traces of compound action potentials recorded 1 
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FIG. 3. Clones were differentiated in culture for 10 days in the 
absence of EGF and bFGF. Phenotypic analysis indicated a large 
proportion of cells expressing MAP-2, TUJ-1, NSE, GFAP, and Vim 
and a lesser proportion expressing GalC, A2B5, and S-100. Little 
expression of t, NF, 04, and PO was observed. This suggests that 
these immature cells had characteristics of neuron and astrocytes 
and to a lesser extent immature oligodendroctyes and Schwann cells. 
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FIG. 4. Remyelination of the rat spinal cord following transplantation of adult human precursor cells. Normal (A), demyelinated (B), and 
remyelinated axons (C) of the dorsal column. (D) Remyelinated axons at higher magnification. The anatomical pattern of myelination was similar 
to that produced by Schwann cells (arrows). (E) The human cells in the rat EB-X lesions were visualized by 0-galactosidase reaction products (blue). 
Note that the transplanted human cells are markedly labeled in vivo at the light microscopic level. (F) Antigenic phenotype of remyelinating cells 
in the lesions are PO positive (peroxidase reaction, brown), and their nuclei are counterstained with hematoxylin (blue). PO immunostaining 
demonstrates many Schwann-cell-like remyelination throughout the lesion (bar, A-C, 25 pm; D, 10 /im; E, 1 pun; F, 7 pun). 

mm apart from control (Fig. 6B1), demyelinated (Fig. 
6B2), and transplanted (Fig. 6B3) dorsal columns. The 
latencies of the responses in the demyelinated dorsal 
column (Fig. 6B2) are substantially delayed compared 
to controls (Fig. 6B1). However, following human neu- 
ral precursor cell transplantation (Fig. 6B3) which led 
to extensive remyelination, the latencies are similar to 
controls. Conduction velocities were calculated for the 
three groups and are shown in Fig. 6C, indicating the 
restoration of conduction velocity in the transplanted 
group. 

DISCUSSION 

In this study we demonstrate that clonally expanded 
multipotential neural progenitor cells from the adult 
human brain can form functional Schwann cell-like 
myelin when transplanted into the demyelinated rat 



"spinal cord. These progenitor cells expressed nestin 
and were self-renewing in culture until induced to dif- 
ferentiate by removing mitogens from the culture. An- 
tigenic analysis after mitogen removal in culture re- 
vealed the differentiation into both neuron- and glia- 
like cells. In general, neurons, astrocytes, and a low 
number of oligodendrocytes and Schwann cells were 
present in the mitogen-free cultures. Following trans- 
plantation into the demyelinated rat spinal cord, how- 
ever, the vast majority of cells differentiated into a 
peripheral-type of myelin-forming cell which produced 
functional myelin. 

Clonal Expansion of Multipotential Adult Human 
Neural Precursor Cells 

Both proliferation and differentiation of the clonal 
multipotential neural precursors derived from the 
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FIG. 5. All demyelinated spinal cords that received adult human 
precursor cell injections showed clear evidence of remyelination (A) of 
the demyelinated axons in electron micrographs. Examination at 
higher magnification showed the presence of a basal lamina surround- 
ing the fibers (arrowheads). The large cytoplasmic and nuclear regions 
of the cell and the presence of a basal lamina indicate a peripheral 
pattern of myelination. Normal (B) and demyelinated (C) axons in the 
dorsal columns at the electron microscopic level. Bar, 1 jujd. 



adult brain could be controlled relatively efficiently. 
Several lines of evidence indicate that the cells in the 
clones are composed of a common multipotential cell 
rather than separate committed precursors. First, the 
proportion of neurons generated is independent of pas- 
sage number, suggesting that the cellular properties 
are constant as the clones expand. This stability is 
supported by the unchanged differentiation capacity in 
clones of acutely dissociated cells and in subclones. 
Second, subcloning experiments demonstrate that 
multipotential secondary clones can be derived from a 
single primary clone, again showing the multipotenti- 
ality of single clonal cells. Asymmetric cell division 
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may still be an important mechanism for cell-type spec- 
ification in vivo (11). However, a strict asymmetric 
model, in which only one of the daughter cells main- 
tains multipotentiality, cannot account for the expo- 
nential increase in the neural precursor cells seen in 
our cultures. 

Differentiation of Neural Precursor Cells into 
Morphologically Defined Schwann-like Cells 

In the normal CNS axons with oligodendrocyte-asso- 
ciated myelination do not have large nuclear and cyto- 
plasmic surrounds, nor do they have an associated 
basement membrane. Rather, the cell bodies of the 
oligodendrocyte are relatively small and remote from 
the site of axonal myelination. However, following 
transplantation of the clonal neural precursor cells into 
a demyelinated and aglial region of the spinal cord in 
vivo, extensive differentiation into myelin-forming 
cells with morphological and phenotypical characteris- 
tics of Schwann cells was observed. These cells exhib- 
ited the hallmark characteristics of peripheral myelin- 
forming cells, large nuclear and cytoplasmic regions 
surrounding the axons which in turn were covered by a 
basement membrane (3), and immunohistochemical 
analysis demonstrated that most of them were PO pos- 
itive. Keirstead et al (28) recently demonstrated that 
neural precursor cells derived from the neonatal rat 
brain and immunoselected for glial commitment can 
produce PO-positive myelin-forming cells in vivo. We 
cannot rule out the possibility that some neuronal or 
glial differentiation occurred, because we observed a 
few NSE-positive or GFAP-positive cells in the EB-X 
lesion. Moreover, some of the myelinated profiles were 
more characteristic of oligodendrocyte myelination. 
Future quantitative immunohistochemical studies on 
these tissues will be important to more fully character- 
ize the phenotypes of the myelin-forming cells after 
transplantation. However, the abundance of cells with 
distinct morphological and immunohistochemical fea- 
tures characteristic of peripheral myelin-forming cells 
(large nuclear and cytoplasmic regions around the ax- 
ons surrounded by a basement membrane and their PO 
positivity) clearly indicate that the transplanted pre- 
cursor cells differentiated into a peripheral pattern of 
myelin-forming cells. 

It is well established that peripherally derived 
Schwann cells can myelinate the spinal cord which is 
normally myelinated by oligodendrocytes (4, 14). Given 
that endogenous remyelination by Schwann cells can 
occur in the spinal cord in certain circumstances, it was 
important to ascertain that the myelin-forming cells 
were derived from the donor source and not from en- 
dogenous invasion of Schwann cells from the periph- 
ery. To address this issue we used a model system that 
prevents endogenous invasion of peripheral Schwann 
cells for 6 to 8 weeks; we studied the cells about 3 



36 



AKIYAMA ET AL. 




V 0.2 msec 



FIG. 6. (A) Schematic showing the dorsal surface of spinal cord with the positions of the stimulating (S) and recording (R) electrodes. 
Shaded region indicates the area of demyelination or remyelination. (B) Compound action potentials recorded at 1-mm increments along the 
dorsal columns in control (1), EB-X demyelinated (2), and transplant-induced remyelinated (3) axons. (C) Conduction velocity for the three 
groups (n = 5, each group) of axons recorded at 26°C. Bars, SEM. 



weeks after transplantation which is well within the 
time window where no endogenous myelination occurs 
(4). The model utilizes X-irradiation to block host cell 
division followed by injections of ethidium bromide to 
chelate nucleic acids and kill the glial cells within the 
lesion zone. Moreover, in a limited number of experi-.. 
ments we transplanted LacZ-transfected donor progen- 
itor cells and found X-Gal reactivity in cells exhibiting 
a peripheral myelination pattern. The extensive differ- 
entiation of neural precursor cells into Schwann cell- 
like cells in our studies is not likely the result of 
Schwann cell contamination in our cultures. The cells 
were derived from single cell clones showing homoge- 
nous properties and the capacity to differentiate into 
either neurons or glia. 

Kalyani et al. (27) suggest that appropriate manip- 
ulation of culture conditions (45, 51) could promote 
embryonic neuroepithelial cell differentiation into 
more restricted CNS and PNS neural precursor cells. 
Indeed, embryonic neuroepithelial cells derived from 
the spinal cord have been reported to give rise to PNS 
elements and to other cell types in the body including 
skin melanocytes (24, 31, 41). More recently, Mujtaba 
et al. (40) provide evidence for a common neural pro- 



genitor cell derived from the embryonic spinal cord for 
the CNS and the PNS. Our results suggest that such a 
multipotential precursor may also be present in the 
adult human brain and that transplantation of these 
cells into the appropriate pathological environment of 
the adult CNS can allow Schwann cell differentiation 
and functional remyelination in vivo. 

Why Do Neural Precursor Cells Derived from Adult 
Brain Differentiate into Schwann-like Cells 
in CNS in Vivo? 

The Schwann cell differentiation in vivo may be the 
result of both the intrinsic capacity of the progenitor 
cells and the cellular and extracellular milieu of the 
transplant zone. In the EB-X lesion it is important to 
note that not only does this model lead to long-lasting 
demyelination, but all cellular elements inclusive of 
astrocytes and oligodendrocytes are killed within the 
lesion thus rendering the white matter tract agliotic 
and enriched in axons. The dominant cellular elements 
in the lesion are naked axons and macrophage-like 
scavenger cells in the glial-free environment. A large 
body of work indicates that axon-associated signals 
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may be important in aspects of Schwann cell differen- 
tiation (12, 43, 55). The development and maintenance 
of cell types are dependent upon and influenced by a 
number of intrinsic genetic factors as well as environ- 
mental signals (6, 47, 49, 54). Such signals may be 
^t-ovided by cell-to-cell contact, electrical stimulation, 
or the secretion of neurotransmitters and neurotrophic 
factors (9). 

It should also be pointed out that interleukins re- 
leased from macrophages have been implicated in 
Schwann cell differentiation following peripheral 
nerve injury (21, 32). It is conceivable that cytokines 
released from microglia or macrophages in the lesion 
site could contribute to the massive Schwann cell dif- 
ferentiation following neural precursor cell transplan- 
tation. It is possible then that the neural precursor 
cells derived from the adult human brain and trans- 
planted into an axon-enriched environment in vivo in 
the absence of potential trophic influences from sur- 
rounding glia and neurons biases the differentiation of 
the neural precursor cells to a more restricted PNS 
lineage. It is important to note that EGF-responsive 
neural stem cells derived from fetal rodents formed an 
-iigodendrocyte pattern of remyelination in myelin- 
deficient rats (20). This may result from differences in 
fetal and adult sources of the cells or a species differ- 
ence. Another possibility is that the myelin-deficient 
rat, which has an abundance of astrocytes around the 
amyelinated axons, could provide a trophic influence 
for the differentiation of oligodendrocytes. It is not 
clear what the differences are between known totipo- 
tential stem cells derived from embryos and less de- 
fined progenitor cells derived from adult subependy- 
mal zone. It will be interesting to determine if embry- 
onically derived stem cells form peripheral or central 
patterned myelin when transplanted into the adult 
demyelinated CNS. 

Potential of Neural Precursor Cells to Repair the' \ 
Damaged CNS 

Neurons are not generated in large numbers in the 
adult mammalian CNS with the exception of the olfac- 
tory bulb (1, 34, 36) and the hippocampal formation (2, 
7). Moreover, Gould et al, (18) have made the intrigu- 
ing observation that learning can enhance neurogen- 
esis in the adult hippocampus, possibly by differentia- 
tion of precursor cells. Cultured precursors derived 
from adult mice have been shown to differentiate into 
neurons and glia, but little is known about the mech- 
anisms that regulate the differentiation of these cells 
(19). Both the clonal analysis and the response to 
growth factors reported here show that neural precur- 
sor cells derived from the adult human CNS have some 
properties that are similar to stem cells derived from 
embryonic neuroepithelium. Further delineation of 
similarities and differences between embryonic and 



adult precursor cells is certainly important. While both 
share some similarities it is not clear that adult-de- 
rived cells are totipotent as are true stem cells derived 
from embryos, thus indicating the importance of inves- 
tigations of both embryonic and adult brain-derived 
precursor cells. 

While oligodendrocytes are the cells that normally 
myelinate CNS axons, peripheral myelin-forming cells 
such as Schwann cells (4, 22) and olfactory ensheath- 
ing cells (15, 23) can myelinate CNS axons in vivo and 
restore near normal conduction properties (22, 23). 
Peripheral myelin-forming cells may have the advan- 
tage if used as a cell therapy in multiple sclerosis (MS) 
patients of not having the antigenic properties of oli- 
godendrocytes which elicit an immune response in MS 
patients (22). Harvesting sufficient numbers of 
Schwann cells from peripheral nerve biopsy and cell 
expansion is problematic. However, the development of 
human clonal neural precursor cells derived from ei- 
ther embryonic or adult CNS may allow for an abun- 
dant source of myelin-forming cells. Zhang et al. (56) 
have demonstrated that fetal neural stem cells can be 
treated to establish self-renewing pre-02-A progeni- 
tors which form extensive oligodendrocyte myelination 
when transplanted into the myelin-deficient neonatal 
rat. Recently, Brustle et aL (6) have demonstrated that 
human embryonic stem-cell-derived glial precursors 
can be used as a source of myelinating transplants. 
Advances in the cell biology of progenitor cells derived 
from embryonic, fetal, or adult CNS open the prospect 
of developing cell lines as a potential source of a cell 
therapy for demyelinating diseases. 
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Traditionally, retinal impairments by neuronal death or 
axonal severance have been considered incurable in humans 
and adult experimental mammals because the central 
nervous system (CNS) of adult mammals does not have a 
regenerative capacity. Although a number of attempts to 
repair damaged retinas using grafts of retinal tissue have 
been reported [3,5,6,11,14], they have encountered senoys 
problems such as limited incorporation of grafted cells into 
the host retina and difficulty in supplying enough donor cells 
as has been already discussed [2,4,7,9,17,18,20]. Thus, the 
transplantation of retinal tissue is not promising as a ther- 
apeutic strategy for the treatment of retinal impairments 
from neuronal death at present. 

The recent advances in the field of neural stem cells have 
brought great expectation that severe CNS damages can be 
repaired by using stem/progenitor cells [4,7,13,17]. It has 
been shown that transplanted neural progenitor cells, even 
heterotypical, can integrate with the host brain tissue and 
differentiate into appropriate neurons [15]. For the retina, an 
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earlier study demonstrated that transplanted adult rat hippo- 
campus-derived neural stem cells (AHSCs) can be inte- 
grated into the host retina in normal neonatal rats [18]. 
Later studies showed that AHSCs were integrated into the 
host retina even in mature rats in genetically-degenerated 
retinas [20] and in mechanically-injured retinas [9]. These 
results have encouraged the development of novel therapies 
for treating retinal impairments using neural stem cells. 

The in vivo retinal ischemia-reperfusion model is a stan- 
dard experimental model that has been used to investigate 
the damage of the retina induced by transient ischemia. By 
inducing transient ischemia with high intraocular pressure, 
this model can avoid direct mechanical injury to the retina 
and optic nerve, and provide high reproducibility [1,12,19]. 
We transplanted AHSCs into eyes that had been damaged 
by ischemia-reperfusion. This report is the first study to 
perform neural stem cell transplantation into eyes with 
acquired retinal disease besides mechanical injury. 

The preparation of AHSCs has been described in detail 
[10,18]. In brief, hippocampal progenitor cultures were 
prepared from the hippocampus of adult Fisher rats. The 
dissociated cells were cultured on polyornithine/laminin- 
coated dishes using a mixture of Dulbecco's modified 
Eagle's medium (DMEM)/Ham's F12 (1:1) supplemented 
with N2 (Gibco) and 20 ng/ml of recombinant human basic 

Ltd. All rights reserved. 
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Fig. 1 . Light microscopic photographs of host retinas demonstrating the transplanted AHSCs stained dark blue for p-Gal. In retinas with 
ischemia-reperfusion insult (a-d), prominent cell losses occurred primarily in the ganglion cell layers and inner nuclear layers as 
compared with the retina without the insult (e). (a) At 1 week after transplantation, the intravitreally injected AHSCs can be seen in 
the ganglion cell layer, (b) At 2 weeks after transplantation, the grafted AHSCs are seen in the inner nuclear layer, (c, d) At 8 weeks, the 
transplanted cells can be seen in various layers of the inner retina, and some of them seem to be process-bearing cells (c). (e) A control 
retina 2 weeks after transplantation with no ischemic insult. Intravitreally injected AHSCs are not present in the host retina. INL, inner 
nuclear layer. ONL, outer nuclear layer. Scale bars represent 50 jim. 



fibroblast growth factor (bFGF) (Genzyme). Isolated stem 
cells were genetically marked with p-galactosidase ((}-Gal) 
and cloned. The PZ5 clone, previously characterized exten- . 
sively [10], was used. The cultured and harvested cells were 
washed with DMEM/Ham's F12 and suspended at a density 
of 100,000 cells/jxl in DMEM/Ham's F12 for transplanta- 
tion. 

Adult (8-12 week old) Fisher rats were anesthetized with 
an intraperitoneal injection of pentobarbital (60 mg/kg), and 
the pupils were dilated with topical 0.5% phenylephrine 
hydrochloride and 0.5% tropicamide in order to monitor 
the ocular fundi. Transient retinal ischemia was induced 
by raising the intraocular pressure to 1 10 mmHg for 60 
min (see Ref. [12]). Immediately after beginning the reper- 
fusion, the AHSCs were injected into the vitreous cavity of 
the treated eyes under trans-pupillary observation using a 



binocular surgical microscope. The injection was made with 
a 10-jjl1 Hamilton microsyringe with a 30-gauge beveled 
needle. A total of 500 000 cells in 5 uJ of DMEM/Ham's 
F12 were injected. For control, the cells were also injected 
into eyes with no ischemic insult. 

The rats were sacrificed I, 2, 4, and 8 weeks after the 
transplantation (n = 4 for the ischemic group and n — 3 for 
the control group at each time point), and the eyes were 
processed for histochemical studies. 

In situ staining of grafted cells for (3-Gal: all of the 
enucleated eyes except the two described below were 
"Trxed in 2% paraformaldehyde, 0.1% glutaraldehyde, 
0.02% NP-40, and 0.01% deoxycholate in PBS. After 1 h, 
the anterior segments were removed, and the P-Gal staining 
was done by placing the eye cups in a solution of 2.5 mM X- 
Gal, 5 mM potassium ferricyanate, 5 mM potassium ferro- 
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Fig. 2. Confocal images of the retina 4 weeks after AHSCs transplantation with ischemic insult, (a) Anti-Map2ab immunoreactivity. (b) 
Anti-p-Gal immunoreactivity. (c) The merged image of anti-Map2ab and anti-p-Gal immunoreactivity, showing the grafted AHSCs 
differentiate into mature neurons. INL, inner nuclear layer. ONL, outer nuclear layer. Scale bar represent 50 jxm. 
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cyanate, 2 mM MgCl 2 in PBS [16] at room temperature 
overnight. The stained tissue was washed with PBS and 
soaked in PBS containing 25% sucrose for cryoprotection. 
Ten-micrometer sections were cut on a cryostat and exam- 
ined with a light microscope. 

Immunostaining: two eyes of two animals sacrificed 4 
weeks after ischemic insult were fixed in 4% paraformalde- 
hyde, cryoprotected, and sectioned at 10 |xm on a cryostat. 
Double immunostaining was performed on these sections. 
The sections were processed for anti-0-Gal (1:500, 
Promega) and anti-Map2ab (1:500, Sigma), and followed 
by reaction with FTTC-conjugated secondary antibody 
(1:100, DAKO) to anti-(B-Gal and rhodamine-conjugated 
antibody (1:100, DAKO) to anti-Map2ab. Confocal micro- 
scopy was used to study these sections. 

In every treated eye, transplanted cells were readily iden- 
tified by the transgenic (3-Gal marker. In the eyes that under- 
went ischemia-reperfusion insult, prominent cell loss were 
observed primarily in the ganglion cell layer and inner 
nuclear layer (Fig. 1). The changes were typical of the find- 
ings in ischemia-reperfusion insult described earlier [12]. 

In eyes with the ischemia insult, the intravitreally- 
injected AHSCs invaded the retinal ganglion cell layer by 
1 week after the transplantation (Fig. la) and were identified 
in the retinal inner nuclear layer 2 weeks after the transplan- 
tation (Fig. lb). At 4 weeks, the donor cells were integrated 
into the host retina and expressed Map2ab (Fig. 2) which 
indicated that the AHSCs had differentiated into mature 
neurons. At 8 weeks after the transplantation, the trans- 
planted cells were integrated into the different layers of 
the inner retina (Fig. lc,d) and appeared as process-bearing 
cells (Fig. lc). A number of transplanted cells were detected 
within the vitreous cavity but the number decreased with 
increasing postinjection times (Fig. 1). 

In the control animals without ischemic insult, AHSCs 
did not invade the host retina (Fig. le). Although many of 
the transplanted cells were observed to survive in the vitr- 
eous cavity at 2 weeks after transplantation,, the numbers 
decreased at 4 weeks and were mostly gone at 8 weeks after 
the transplantation (data not shown). 

These results demonstrated that intravitreally-injected 
AHSCs migrated and integrated into the host retinas of 
adult rats that had undergone ischemic insult while none 
of the cells migrated into the retina without ischemic insult. 
In the host retinas, many cells in the ganglion cell layer and 
inner nuclear layer were lost after the ischemic insult. The 
transplanted AHSCs migrated primarily into these layers 
and differentiated into mature neurons replacing some of 
the lost cells. 

The observation that AHSCs did not enter the host retina 
in the control adult rats agrees with previous findings [18]. 
The question then arises as to why retinas damaged by 
ischemia will accept the migration and integration of trans- 
planted neural stem cells while normal adult retinas will not. 
First, it is likely that some types of trophic factors or cyto- 
kines that promote survival, migration, and neuronal differ- 



entiation of the transplanted stem cells are produced in the 
retina that had been injured by ischemia. It has already been 
reported that bFGF, which is known to be important for 
survival of AHSCs [10], is up-regulated in retinas after 
transient ischemic insult [8]. In addition to bFGF, other 
factors were probably up-regulated in the ischemic retina 
to stimulate migration and neural differentiation of the 
grafted cells. 

Secondly, it is highly likely that serous components enter 
the retina because the blood-retina barrier is broken by the 
ischemic insult [19]. Such serous components, as well as 
intrinsically expressed factors, can promote survival, migra- 
tion, and neuronal differentiation of the transplanted 
AHSCs. In the control animals, it is likely that the absence 
of such factors prevented the integration of the grafted cells 
into the host retina, and was probably the cause for the 
decrease of surviving AHSCs in the vitreous after the trans- 
plantation. 

Another factor that might promote the migration of the 
transplanted cells is a disruption of the retinal internal limit- 
ing membrane. The retinal internal limiting membrane can 
be a barrier to cell invasion under normal conditions, but it 
could be interrupted by the ischemia. In the present study, 
we suggest that disruptions of the retinal internal limiting 
membrane by ischemia allowed the AHSCs to enter the 
retina. 

This experimental model of retinal injury by transient 
retinal ischemia induced by raising the intraocular pressure 
can be considered comparable to an acute glaucomatous 
attack, a central retinal artery occlusion, or an ischemic 
optic neuropathy. In these diseases, it has been generally 
believed that it is not possible to repopulate the lost retinal 
cells and repair the retinal injury. The present results have 
shown that intravitreally injected AHSCs can partly repo- 
pulate the lost host cells and differentiate into a neuronal 
lineage. However, it still is not known whether the trans- 
planted cells can establish a functional network with host 
neural circuitry and acquire proper functions as retinal 
neurons. Nevertheless, our results suggest that neuronal 
stem cells are good candidates to reconstruct the neural 
circuitry of ischemic-injured retina, and show the potenti- 
ality of therapeutic transplantation using neuronal stem cell 
on retinal impairments that are generally regarded as incur- 
able. 
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Incorporation and Differentiation of Hippocampus- 
Derived Neural Stem Cells Transplanted in Injured 
Adult Rat Retina 

Akihiro Nisbida, 1 ' 2 Masayo Takabashi, 1 Hidenobu Tanihara, 1 Ichiro Nakano? 
Jun B. Takabashi? Akira Mizogucbi, 2 Chizuka Ide 2 and Yoshihito Honda 1 

Purpose. In a previous study it has been shown that adult rat hippocampus-derived neural stem cells 
can be successfully transplanted into neonatal retinas, where they differentiate into neurons and 
glia, but they cannot be transplanted into adult retinas. In the current study, the effect of 
mechanical injury to the adult retina on the survival and differentiation of the grafted hippocampal 
stem cells was determined. 

Methods. Mechanical injury was induced in the adult rat retina by a hooked needle. A cell 
suspension (containing 90,000 neural stem cells) was slowly injected into the vitreous space. The 
specimens were processed for immunohistochemical studies at 1, 2, and 4 weeks after the 
transplantation. 

Results. In the best case, incorporation of grafted stem cells was seen in 50% of the injured retinas. 
Most of these cells located from the ganglion cell layer through the inner nuclear layer close to the 
injury site. Immunohistochemically, at 1 week, more than half of the grafted cells expressed nestin. 
At 4 weeks, some grafted cells showed immunoreactivity for microtubule-associated protein (MAP) 
2ab, MAP5, and glial fibrillary acidic protein (GFAP), suggesting progress in differentiation into cells 
of neuronal and astroglial lineages. However, they showed no irnmunoreactivity for HPC-1, calbin- 
din, and rhodopsin, which suggests that they did not differentiate into mature retinal neurons. 
Immunoelectron microscopy revealed the formation of synapse-like structures between graft and 
host cells. 

Conclusions. By the manipulation of mechanical injury, the incorporation and subsequent differ- 
entiation of the grafted stem cells into neuronal and glial lineage, including the formation of 
synapse-like structures, can be achieved, even in the adult rat retina. (Invest Ophthalmol Vis Set. 
2000;41:4268-4274) 



Since the mid-1990s, it has been possible to isolate neural 
stem or progenitor cells from various parts of the central 
nervous system (CNS), such as the hippocampus, subven- 
tricular zone, spinal cord, and ependyma. 1 " 4 In general, these 
cells can expand in serum-free medium and proliferate in 
response to growth factors such as epidermal growth factor 
(EGF) or basic fibroblast growth factor (bFGF). Froma-clinical 
point of view, they have some potential advantages for retinal 
transplantation compared with embryonic or newborn retinal 
cells. First, they can be expanded through numerous passages 
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in vitro and frozen for storage. Second, they can be easily 
manipulated, such as by pretreatment with growth factors or 
gene transduction, before they are transplanted. 

Adult rat hippocampus-derived neural stem cells, first iso- 
lated by Palmer et al. 5 , are one of the few cell lines that have 
been shown by clonal analysis to have multipotency and self- 
renewability. In a previous study of ours, we found that the 
hippocampal stem cells could be successfully transplanted and 
integrated into the neonatal rat retina but that when they were 
transplanted into adult eyes, they aggregated on the surface but 
never migrated into the retina. 6 

In this study, for the purpose of assessing the possibility 
and limitations of the use of brain-derived neural stem cells for 
retinal transplantation, we investigated whether these hip- 
pocampal stem cells could migrate and become incorporated 
into mechanically injured adult rat retinas. 

Materials and Methods 

Preparation of Cells for Grafting 

LacZ-Iabeled clonal adult rat hippocampus-derived neural stem 
cells (clone PZ5, kindly provided by Fred H. Gage, Salk Insti- 
tute, La Jolla, CA) were used in this study. They were cultured 
on lammin/poly-L-omitriine- coated dishes containing Dulbec- 
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co's modified Eagles medium-Ham's F12 (DMEM-F12; Gibco, 
Rockville, MD) supplemented with N2 (Gibco) and 20 ng/ml 
bFGF (Genzyme, Cambridge, MA), and incubated at 37°C in a 
humidified atmosphere of 5% C0 2 in air. After having been 
subcultured for 2 weeks to 3 months, they were harvested for 
grafting with 0.05% trypsin in DMEM-F12, washed with 0.01% 
trypsin inhibitor (Wako, Osaka, Japan) in DMEM-F12, and sus- 
pended at a density of 30,000 cells/jul in high-glucose Dulbec- 
co's phosphate-buffered saline (D-PBS, Gibco) containing 20 
ng/ml bFGF. 

Animal Preparation and Grafting Procedure 

Eight-week-old male Fischer rats (n = 30) were obtained from 
Shimizu Laboratory Supplies (Kyoto, Japan). All experiments 
were conducted in accordance with the ARVO Statement for 
the Use of Animals in Ophthalmic and Vision Research. The 
animals were anesthetized with a mixture (1:1) of xylazine 
hydrochloride (4 mg/kg) and ketamine hydrochloride (10 mg/ 
kg) administered intramuscularly. The pupils were dilated with 

0. 5% tropicamide and 2.5% phenylephrine eye drops. The 
corneas were anesthetized with drops of 0.4% oxybuprocaine 
hydrochloride. The eyeballs were perforated at the equator 
with a 27-gauge needle. A hooked 30-gauge needle was then 
inserted through the wound, and the retina was injured by 
scratching it parallel to the equator between the retinal vessels 
under direct observation with a surgical microscope equipped 
with a plano-concave contact lens for rats (Kyocon, Kyoto, 
Japan). Special care was taken to injure the whole layer of the 
retina, and success was affirmed by a small amount of subreti- 
nal bleeding. After the injury, 3 /xl of the cell suspension 
(containing 90,000 cells) was slowly injected into the intravit- 
real space with a microsyringe fitted with a 30-gauge blunt 
needle (1 5 rats, 30 eyes). As a control, 3 /xl of the cell suspen- 
sion was injected into the intravitreal space of noninjured eyes 
(15 rats, 30 eyes). The results from five eyes of the control 
group were excluded due to complications of massive vitreous 
hemorrhage. 

Tissue Sectioning 

The animals were anesthetized by inhalation of diethyl .ether 
and fixed by transcardial perfusion with 4% paraformaldehyde 
(Merck, Darmstadt, Germany) in 0.1 M phosphate buffer (PB) 

1, 2, and 4 weeks later. The eyes were enucleated to make 
eyecups. The eyecups were immersed in the same fixative for 
2 hours at 4°C and then in 15%, 20%, and 25% sucrose-PBS for 
cryoprotection. They were embedded in optimal cutting tem- 
perature compound (OCT; Miles, Elkhart, IN) after adjustment 
of their horizontal planes parallel to the cutting plane, and 
20-/xm frozen sections were made in a cryostat. Continuous 
sections including the injury site were cut for each eye. 

Immunocyiochemistry 

The specimens were washed with 0. 1 M PB and then incubated 
with 20% skim milk (Dainihon-Seiyaku, Osaka, Japan) in 0.1 M 
PB containing 0.005% saponin (0.1 M PB-saponin; Merck) for 
10 minutes to block nonspecific antibody binding. They were 
then incubated with primary antibodies diluted in 5% skim 
milk in 0.1 M PB-saponin for 24 hours at 4°C Antibodies and 
concentrations used in this study were as follows: mouse 
monoclonal anti-j3-galactosidase (0-gal, 1:1000; Promega, Mad- 
ison, WI), rabbit polyclonal anti-0-gal (1:5000; Chemicon, Te- 



mecula, CA), mouse monoclonal anti-nestin (1:1000; PharMin- 
gen, San Diego, CA), mouse monoclonal anti-microtubule 
associated protein (MAP) 2ab (1:100; Sigma, St. Louis, MO), 
mouse monoclonal anti-MAP5 (1:1000; Chemicon), rabbit poly- 
clonal anti-glial fibrillary acidic protein (GFAP; 1:1000; Chemi- 
con), rabbit anti-myelin basic protein (MBP; 1:500; UltraClone, 
Wellow, UK), mouse monoclonal anti-HPC-1 (1:1000; Sigma), 
mouse monoclonal anti-calbindin (1:500; Sigma), and rabbit 
anti-rhodopsin (1:1000; LSL, Tokyo, Japan). 

After the reaction with primary antibodies, the specimens 
were washed with 0.1 M PB-saponin and incubated with sec- 
ondary antibodies diluted in 5% skim milk in 0. 1 M PB-saponin 
for 90 minutes. Antibodies and concentrations used in this 
study were as follows: fluorescein isothiocyanate (FITQ-con- 
jugated sheep anti-mouse immunoglobulin (1:100; Amersham, 
Buckinghamshire, UK), FITC-conjugated donkey anti-rabbit im- 
munoglobulin (1:100; Amersham), Cy5-conjugated goat anti- 
mouse IgG (1:200; Amersham), and Cy5-conjugated donkey 
anti-rabbit IgG (1:200; Amersham). 

Sections were then washed with 0.1 M PB, mounted with 
glycerol-PBS (1:1) and observed with a laser-scanning confocal 
microscope (1024; Bio-Rad, Hercules, CA). 

Immunoelectron Microscopy 

Immunoelectron microscopy using the silver-enhancement 
technique was done as described. 7 Briefly, after having been 
blocked with 20% skim milk in 0.1 M PB-saponin, the sections 
were incubated with the anti-jS-gal antibody (1:1000; Promega) 
and subsequently with an anti-mouse IgG antibody coupled 
with 1.4-nm gold particles (1:50; Nanoprobes, Stony Brook, 
NY). After the sections had been washed, they were fixed with 
1% glutaraldehyde (Nacalai Tesque, Kyoto, Japan) in 0.1 M PB 
for 10 minutes, and the sample-bound gold particles were then 
silver-enhanced at 20°C for 1 2 minutes by use of an HQ-silver 
kit (Nanoprobes). They were again washed and postfixed with 
0.5% osmium oxide (Nacalai Tesque) in 0.1 M PB at pH 7.3, 
dehydrated by passage through a graded series of ethanol (50%, 
60%, 70%, 80%, 90%, 95%, and 100%), and embedded in epoxy 
resin. From these samples, ultra thin sections were cut, stained 
with uranyl acetate and lead citrate, and then observed with an 
electron microscope OEM-1200EX; JEOL, Tokyo, Japan). 

Results 

Incorporation and Distribution of Grafted Cells 

In an attempt to elucidate the efficacy of transplantation of 
hippocampal stem cells into the adult rat retina, we injected 
them into the vitreous space. The stem cells were labeled 
with the LacZ gene retrovirally, so that we could identify 
/3-gal-immunoreactive cells as the grafted cells. In our pre- 
vious study, we confirmed that )3-gal enzyme leaking from 
damaged or dead grafted cells was not taken up by host 
retinal cells. 6 

First, we compared the incidence of eyes with incorpo- 
rated grafted cells between the injured group and the nonin- 
jured group. In the injured group, 1 week after transplantation, 
/3-gai-immunoreactive cells were incorporated into the host 
retina in 10% of the experimental eyes (1 of 10). At 2 and 4 
weeks, the percentage of eyes with incorporated cells in- 
creased to 50% (5 of 10) and 40% (4 of 10), respectively (Table 
1). In the eyes with incorporated grafted cells, the grafted cells 
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Table 1. Inci dence of Eyes with Incorporated Grafted Cells 

1 Week 2 Weeks 4 Weeks 



Injured group 
Noninjured group 



1/10 
0/5 



5/10* 
0/10 



4/10* 
0/10 



Values are number of eyes with incorporated grafted cells/total 
surgically treated eyes. Five rats were used in each expenment The 
results from five eyes of the noninjured group at 1 week were excluded 
because of complications of massive vitreous hemorrhage. 

• Incidence in the injured group was sigruficandy higher than that 
in the noninjured group (Fisher's exact probability test, P < 0.05). 



were distributed around the site of injury, where GFAP immu- 
noreactivity of the host retina was upregulated (Fig. 1A). In 
contrast, no eyes incorporated grafted cells in the noninjured 
group at any period after transplantation (Table 1). The grafted 
ceUs were found to have aggregated on the inner surface but 
never to have been incorporated into the host retina of the 
noninjured group (Fig- IB)- Statistical analysis by Fisher's exact 
probability test showed a significant difference (/> < 0.05) 
between the injured and noninjured groups in the incidence of 
successful incorporation of the grafted cells at both 2 and 4 
weeks after transplantation. 

The pattern of grafted cell distribution was almost the 
same at all times after the injection. The grafted cells were 
observed not only at the site of injury where normal retinal 
structure was destroyed, but also in the surrounding area 
where the normal retinal structure was retained. Most of them 
were situated in the inner nuclear layer @NL) with some in the 
ganglion ceU layer (GCL), where they formed a layer-like struc- 
ture A few grafted cells were found on the inner surface of the 
retina and in the outer nuclear layer (ONL). The width of 
distribution of the incorporated grafted cells ranged between 
790 ixm and 1200 /J-m around the site of injury (data not 
shown). This width was much greater than that of the actual 
injury in all cases, which was less than 100 fim. 

The grafted cells adherent to the inner surface of the host 
retina in the injured group were round and had no processes, 
whereas most incorporated cells had elongated processes, -and 
some of them showed morphologies reminiscent of amacrine 
and bipolar cells (Fig. 2). 
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Immunohistochemistry on Sections after 
Transplantation 

Immunohistochemical studies were performed on sections 
with incorporated grafted cells in the injured group. The sec- 
tions were double immunostained with anti-0-gal antibody and 
antibodies against specific cell-type markers. The cell-type 
markers used were nestin for immature or undifferentiated 
cells MAPs for neuronal lineage cells, GFAP for astrocytes and 
Miiller cells, MBP for oligodendrocytes, HPC-1 for amacrine 
cells calbindin for horizontal and some amacrine cells, and 
rhod'opsin for rod photoreceptor cells. The ratios of double- 
stained cells to /3-gal-positive cells were calculated to estimate 
the characteristics of the grafted cells after transplantation. 

Our preliminary studies showed the presence of nestin 
immunoreactivity in more than 96% of the cultured hippocam- 
pal stem cells; however, no immunoreactivity for other specific 
markers of differentiated cell types, including MAP2ab, MAP5, 
GFAP, MBP, HPC-1, calbindin, and rhodopsin, was detected 

(data not shown). 

Among the grafted ceils, nestin-positive cells were over 
50% at the end of 1 and 2 weeks after transplantation; how- 
ever, they decreased to 36% after 4 weeks (Table 2, Figs. 3A, 
3B 3Q MAP5-positive cells increased markedly from 1% to 
22% between 1 and 2 weeks, whereas MAP2ab-positive cells 
gradually increased from 1 to 4 weeks (Table 2, Figs. 3D, 3E, 
3F) As for the two glial markers, GFAP-positive grafted cells 
increased from 2% to 10% between 2 and 4 weeks, but MBP- 
positive cells were hardly observed from weeks 1 through 4 
(Table 2, Figs. 3G, 3H, 3D- Immunoreactivity for retinal cell 
markers, HPC-1, calbindin, and rhodopsin was hardly detected 
in the grafted cells throughout the 4 weeks (Table 2, Figs. 3J, 
3K, 3L). 

The immunoreactivity for nestin and GFAP was also ob- 
served in the host Miiller cells around the sites of injury, where 
the grafted cells were incorporated into the host retinas (Figs. 
3A, 3B, 3C, 3G, 3H, 3D- 

Immunoelectron Microscopy on Sections at 4 
Weeks after Transplantation 

Immunoelectron microscopy was performed on sections of 
4-week specimens. Grafted cells were identified by the pres- 
ence of gold particles indicating immunoreactivity for 0-gal. In 




B 



INL 
ONL 



Figure 1 Double-label immunofluorescence study using antibodies against /J-gal (green) and GFAP (red) 
rrired &ou P (A) and noninjured group (B) 2 weeks after the injection. (A) ^al-posmve grafted 
cluTwl obs^ed primarily in the GCL and INL in the host retina around the site of injury (.arrow). 
Sre^ion of GFAP m the host retina was upregulated. (B) ^al-positive ceUs were located on the inner 
Sr c e of but not within the host retina. The expression of GFAP was localized in the astrocytes and the 
end feet of the Miiller cells. Scale bar, 100 fim. 
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Figure 2. p-Gal-immunoreactive 
grafted cells, which are similar to am- 
acrine (A, arrow) and bipolar (B, ar- 
row) cells, 1 and 4 weeks after trans- 
plantation, respectively. Scale bar, 
20 jjtm. 



general, the grafted cells had heterochromatic nuclei and a 
large number of mitochondria (Figs. 4A, 4B). 

In the inner piexiform layer (IPL) and at the innermost 
part of the INL, grafted cells were often found in a group (Fig. 
4A). Some of them were irregular in shape and had pseudo- 
podia that made contact with other grafted cells (Fig. 4A), 
which is a characteristic of actively migrating cells. Some other 
grafted cells had a relatively round shape and extended their 
processes to make close contact with host cells at the inner- 
most part of the INL (Fig. 4B). At a higher magnification, 
symmetrical and asymmetrical membrane thickening, which 
represent puncta adherentia and synaptic junctions, respec- 
tively, were observed between graft and host cells (Figs. 4C, 
4D) indicating that they formed close contacts with each other. 



Discussion 

Neural stem cells are expected to be useful clinically for re- 
placing damaged neurons or for ex vivo gene therapy. 8 In the 
field of brain science, they have been tested on damaged brain 
models 9,10 as cell resources for replacement therapy. Also in 
the field of ophthalmology, it is reported that neural stem cells 
could be successfully transplanted into damaged retina. 11 " 13 
Therefore, it is important to assess the application of neural 
stem cells for retinal transplantation therapy. 

This study has shown the ability of hippocampus-derived 
neural stem cells to migrate and differentiate in the injured 
retina. However, the limitation of their differentiation into 
authentic retinal neurons was also recognized. 

Pattern of Incorporated Grafted Cells in the 
Host Retina 

The incidence of the eyes with incorporated grafted cells 
increased between 1 and 2 weeks but did not change between 
2 and 4 weeks. Some time may be required for the cells that 
have migrated onto the retinal surface to create graft- host 
contacts and to migrate into the host retina. This behavior of 



the grafted cells is consistent with the results of our previous 
study. 6 

The grafted cells were located around the injured sites, 
where the expression of nestin and GFAP in the host Muller 
cells was upregulated. The width of the distribution of the 
grafted cells was much greater than that of the injury (less than 
100 /xm) at any time point evaluated. We therefore speculate 
that the grafted cells migrated into the host retina not only 
from the injured site but also from the vitreous surface around 
the injured site where the host Muller cells were activated by 
the injury. This speculation was supported by our other exper- 
iments that hippocampai stem ceils can also incorporate into 
chemically damaged retinas (data not shown). It has been 
reported that upregulation of the expression of nestin and 
GFAP in astrocytes or Muller cells occurred in the CNS includ- 
ing the retina after various types of damage. 14 " 18 It also has 
been shown that activated Muller cells express a number of 
cytokines such as bFGF, ciliary neurotrophic factor (CNTF), 
and transforming growth factor (TGF>a. 19-22 It seems reason- 
able that the Muller cells that were activated by the mechanical 
injury may have played an important role in the migration 
and/or differentiation of the surviving grafted cells.- 

For the purpose of assessing the effect of retinal injury, we 
chose the vitreous cavity instead of the subretinal space for the 
site of injection of the neural stem cells. Subretinal injection 
itself causes retinal detachment and much damage to the ret- 
ina. 

Differentiation and Integration of the 
Grafted Cells 

The hippocampai stem cells used as the grafted cells were 
confirmed by immunocytochemistry to be immature cells. Be- 
fore grafting, most of them expressed nestin. However, once 
they were grafted, the number of ceUs expressing nestin de- 
creased. On the contrary, the cells expressing MAPs and GFAP 
increased with time, which suggests differentiation of the stem 
cells into cells of the neuronal and astroglial lineages. Among 
the MAPs, MAP2ab is thought to be a late marker of neuronal 



Table 2. Differentiation Ratio of the Incorporated Grafted CeUs in the Injured Group 



Nestin MAP2ab MAPS GFAP MBP HPC -1 Calbindln Rhodopsin 

1WCek „* 4 ,, 21 . 9 ± 7 . 6 2.3^1-5 0/±0.5 1.0±"l.O 0.0*0.0 0.2 ± 0.4 



2 weeks 55.0 5 ", ,1 ± ,5 21," „ 2.3± 1-3 J6°±J.5 1 A\o 0.0^0.0 £±0 

4 weeks 35.9 ± 19.0 9.7 ± 0.8 25.1 ± 10.7 9-9 ± 4.7 0.8 ± 1.3 0-3 ± 0-6 0.5 - a; 



Values at 2 and 4 weeks are mean ± SD and are the ratio of grafted cells double-stained with anti-0-gal. 
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differentiation, because its expression increases as neuronal 
cells mature, 23 whereas the expression of MAP5 is generally 
abundant in neuronal cells at very early developmental stag- 
es. 23 These facts explain why the expression of MAP5 in the 
grafted cells increased earlier than that of MAP2ab. GFAP-and 
MBP are markers for astrocytes and oligodendrocytes, respec-" v 
tively. The expression of MBP was hardly detected up to 4 
weeks, whereas that of GFAP increased between 2 and 4 
weeks after the grafting. This finding indicates that the hip- 
pocampal stem cells did not differentiate into oligodendrocytes 
but into astrocytes after the grafting, although they differenti- 
ated into both glial lineages in vitro. 5 It also suggests that the 
specific microenvironment in the retina, where no oligoden- 
drocytes exist, may affect the fate of differentiation of the 
hippocampal stem cells. As for the retinal cell markers, HPC-1, 
calbindin, and rhodopsin, their expression in the grafted cells 
was hardly observed at any time after the grafting, indicating 
the failure of differentiation into retinal neurons even at the 
end of 4 weeks after the grafting. One possible reason for the 
failure is absence of unknown local cues in injured adult retina. 
There may be some unknown factors that are expressed only in 
earlier stages of retinal development and permit the hippocam- 
pal stem cells to differentiate into retinal neurons. Another 
possible explanation is limited plasticity of the hippocampus- 
derived neural stem cells. They may continue to possess the 
characteristics of cells in the hippocampus, from which they 
are derived, even after being transplanted into retinal tissue. 



Figure 3. Double-label immunoflu- 
orescence at the end of 1 (A, D, G, 
and J), 2 (B, E, H, and K), and 4 (C, 
F, I, and L) weeks after cell transplan- 
tation . Green : j3-Gal- immunoreac- 
tive cells; red: nestin- (A, B, and C), 
MAP5- (D, E, and F), GFAP- (G, H, 
and IX and calbindin- (J, K, and L) 
immunoreactive cells; yellow: dou- 
ble-stained cells {arrows). (A, B, and 
C) Nestin-positive grafted cells de- 
creased in number from 1 to 4 weeks 
after transplantation. (D, E, and F) 
MAP5-positive grafted cells increased 
from 1 to 4 weeks after transplanta- 
tion. (G, H, and I) Few GFAP-positive 
grafted cells are observed at 1 and 2 
weeks after transplantation, but they 
begin to appear at 4 weeks. (J, K, 
and L) Calbindin-positive grafted 
cells are rarely observed at any time 
after the injection. Scale bar, 20 jLtm, 



Immunoelectron microscopic study revealed the exis- 
tence of graft- graft and graft- host contacts. The grafted cells 
formed puncta adhaerentia-like and asymmetrical synapse-like 
structures with the host cells. Not only mechanical contacts 
but also intercellular signaling could be formed between the 
k graft and host cells. There are several reports describing graft- 
Host synapse formation in the adult CNS in homotopic trans- 
plantation, such as retina to retina, 24,25 and also in heterotopic 
transplantation, such as retina to cerebellum. 26 It is still un- 
known whether these synapse-like structures actually function; 
however, the formation of such structures is significant evi- 
dence for integration of the grafted cells into the host retina. 

Deriving Retinal Neurons from Neural Stem Cells 

Further studies are needed to establish the utility of neural 
stem cells for replacement and reconstruction of retinal neu- 
rons. One possibility is retina-derived neural progenitor cells. A 
recent study revealed that embryonic retina-derived neural 
progenitor cells can differentiate into photoreceptors :n 
vitro. 27 If they maintain the characteristics of retinal cells 
through expansion in vitro, they may differentiate into retina- 
specific neurons after transplantation. Another possibility is 
modification of cellular characteristics of the hippocampus- 
derived neural stem cells for retina-specific differentiation by 
transfection of key molecules such as homeobox genes. 28,29 
Also, pretreatment of the neural stem cells with growth factors 
is a possible means of controlling the cells' fate. In fact, in our 
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Figure 4. Immunoelectron micros- 
copy on sections at 4 weeks after 
transplantation. (A) Grafted cells are 
identified by the presence of gold 
particles indicating immunoreactiv- 
ity for /3-gal. A gold-labeled grafted 
cell (Gl) in the IPL extended its 
pseudopodia (p) and made contact 
with another grafted cell (G2). Note 
that the grafted cells contained a 
large number of mitochondria (mt). 
(B) A grafted cell (G) extended its 
process (arrow) and made close con- 
tact with a host cell (H) in the inner- 
most part of the INL. (Q A grafted 
cell (G) in the INL formed contacts 
with host cells (H). Both symmetrical 
(arrows) and asymmetrical (arrow- 
head) membrane thickenings were 
observed. (D) An axon terminal of a 
grafted cell (G) labeled with gold par- 
ticles (small arrows) in the IPL con- 
tained synaptic vesicles (arrow- 
heads) and formed a synapse-like 
structure with a host cell (H)- 
Postsynaptic density (large arrow) 
was observed in the host cell. Scale 
bar: 1 (A, B); 500 nm (C, D). 




previous study, we found that some neurotrophins affect the 
differentiation of the hippocampal stem cells in vitro 30 ; how- 
ever, growth factors that can induce neural progenitor cells to 
produce retina-specific neurons have not yet been identified. 

Conclusions 

In conclusion, this study has yielded basic and important in- 
formation regarding the transplantation of adult rat hippocam- 
pus-derived neural stem cells into the adult retina. First, incor- 
poration of the grafted neural stem cells was achieved in 
injured adult retinas. Second, some of the incorporated neural 
stem cells showed differentiation into neuronal lineage and 
formed graft- host contacts such as puncta adhaerentia- and 
synapse-like structures. Third, even after successful transplan- 
tation and differentiation into cells of the neuronal lineage, the 
neural stem cells failed to differentiate into retina-specific phe- 
notypes as shown by expression of HPC-1, calbindin, and 
rhodopsin, possibly because of their basic inability or an ab- 
sence of local cues essential for differentiation into retinal 
neurons. 
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Abstract. In recent years, ic has become evident that the developing and even the adult 
mammalian CNS contain a population of undifferentiated, multipotent cell precursors, 
neural stem cells, the plastic properties of which might be of advantage for the design of 
more effective therapies for many neurological diseases. This article reviews the recent 
progress in establishing rodent and human clonal neural stem cell lines, their biological 
properties, and how these cells can be utilized to correct a variety of defects, with 
prospects for the near future to harness their behaviour for neural stem cell- based 
treatment of diseases in humans, 

2000 Neural transplantation in neurodegenerative disease. Wiley, Chichester (Novartis 
Foundation Symposium 231 ) p 242-269 



Neurological disorders, whether hereditary or acquired, are typically characterized 
by a variety of cellular and molecular defects. The situation is aggravated by the fact 
that, during its maturation, the CNS appears progressively to lose its restorative 
capacity by establishing a potent inhibitory environment to neural regrowth and 
the formation of new connections, and by the formation of a blood-brain barrier 
(BBB) that protects the brain from blood-borne pathogens but also prevents the 
entrance of many therapeutic substances from the vascular compartment. Current 
attempts to promote CNS repair address these obstacles using the following 
strategies: (i) replacing affected cell populations (or structural components like 



l This chapter was presented at the symposium by Professor Snyder, to whom correspondence 
should be addressed. 
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myelin) and their connections by neural grafts; (ii) providing trophic support by 
the introduction of neurotrophic and/or cytokines to diminish or prevent 
progressive neurodegeneration, stimulate neurite outgrowth, guide growing 
axons to their targets and promote establishment of functional synapses; and (iii) 
replacing missing neuroactive molecules, such as enzymes and neurotransmitters. 

For several decades, fetal neural transplants have been used to promote CNS 
repair and formed the basis of an important branch of restorative neurobiology 
(reviewed in Dunnett & Bjorklund 1994, Fisher & Gage 1993, 1994). They have 
not only provided us with a wealth of information about normal CNS 
development but have generated invaluable information regarding the extent to 
which the perinatal, juvenile and adult CNS is able to react to growth signals and 
to mobilize dormant, intrinsic plastic capacities. In the majority of cases, fetal grafts 
have been used in three ways (Kordower & Tuszynski 1999, Marciano et al 1989): 
(i) to replace cellular elements, especially neurons, in the degenerating host 
parenchyma and to reinnervate targets which have lost their proper input; (ii) to 
act as tissue 'bridges' for host axonal regeneration due to their highly growth- 
permissive environment, and (iii) to prevent degeneration of host cells. More 
recently, an additional, and as yet hardly explored, phenomenon concerning 
graft/host interaction has been described, namely, the graft's potential to evoke 
robust restorative mechanisms within the juvenile recipient's brain which later 
result in an unusually well-remodelled cytoarchitecture originating almost 
exclusively from the host (Ourednik et al 1993, 1998, Ourednik & Ourednik 
1994). Nevertheless, despite the fact that fetal grafts are already being used with 
likely success in human parkinsonian patients (Kordower et al 1995), a routine 
use of fetal tissue raises significant concerns, both biological and ethical, such as 
the availability of requisite amounts of suitable material and insuring survival of 
desired cells in a tissue that is typically heterogeneous. Moreover, with respect to 
the more and more popular idea of transferring therapeutic genes (or their end 
metabolic products) to the brain, primary fetal tissue is, due to its heterogeneity, 
not well suited for the genetic engineering (see below) that might be necessary to 
provide greater or more stable amounts of a trophic factor or to replace a particular 
enzyme in a defined cell type. 

The transfer of a transgene or a gene product is frequently an important step in 
the attempt to correct a deficiency in the CNS. For this reason, many methods of 
gene transfer are under investigation (Breakfield et al 1999). They fall into two 
categories: mechanical delivery of DNA into cells in vitro and introduction of 
genetic material by virus-based vectors* Mechanical ways of introducing DNA 
into cells rely on diverse means of particulation and concentration of the DNA 
around the cell membrane in form of precipitates, liposomes, gold particles or 
molecular conjugates internalized by the cells in an active (endo or pinocytosis) 
or passive (membrane fusion, electroporation or bombardment) process. 
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Although frequently employed, this methodology is not very efficient and cells 
may not get txansfected in a stable manner. 

Virus-based delivery of foreign genes into mammalian cells has several 
advantages: the small genome of retroviruses (still the most frequently used type 
of virus) allows relatively easy manipulation and insertion of larger transgene 
sequences, viruses can be grown to high titres in culture, infection efficiency is 
extremely high (close to 100% of cultured cells), and the DNA, in most cases, 
gets stably integrated into the genome in form of a provirus. However, care must 
be taken that the transgene is inserted into a replication-defective virus where all 
the transforming oncogene sequences have been removed. All the products 
necessary for replication and integration of such defective viruses are provided 
in trans by replication-competent but non-transforming helper viruses which 
later have to be completely removed from the purified vector — often a rather 
difficult task. 

The introduction of DNA by viral vectors can be achieved either by in situ 
application, i.e., direct injection of genetically-altered viruses into the CNS, or by 
ex vivo gene therapy, where vector-mediated gene transfer into cells occurs in vitro 
and these transgenic cells are then transplanted into the brain regions of interest. 
Besides the technical difficulties inherent to the vectors used and common to both 
strategies (e.g. expression of viral genes, initiation of an antiviral immune 
response, reversion of the viral vector to a replication-competent state, and 
inactivation of transcription and/or expression of foreign genes), both suffer 
from specific insufficiencies as well. Thus, although progress is being made in 
targeting post-mitotic neural tissue with viral vectors like lentivirus, adenovirus 
(AV), adenoassociated virus (AAV), or herpes simplex virus (HSV) expressing 
therapeutic transgenes under cell type-specific promoters, they still may not 
address the widespread, extensive lesions characteristic of many neuro- 
degenerative conditions, particularly those of genetic, perinatal, metabolic, 
inflammatory, infectious or traumatic origin. Furthermore, such strategies depend 
on relaying new genetic information through established endogenous neural 
populations and circuits, which, in fact, may have degenerated or failed to develop. 

In the alternative approach, the ex vivo gene therapy strategy, the challenge 
comes in selecting a cellular population that can be easily altered genetically to 
produce a desired protein and then safely and efficiently introduced into discrete 
or widespread regions of the brain where they can reside innocuously and continue 
to deliver their genetic e payload\ Donor cells may be chosen to act as miniature 
'pumps' providing a source of exogenous substances that can diffuse to appropriate 
targets, to become integral members of the host cytoarchitecture and circuitry, or, 
ideally, to do both. Neurons would seem to be the appropriate cellular candidate 

for both delivering products to and integrating within the CNS. However, there 

are restrictions on the types and ages of neurons that survive grafting in a 
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functionally meaningful way for prolonged periods. Also, because mature neurons 
irreversibly stop proliferating, they are unsuitable targets for retro virus-based gene 
delivery. While improvements in the design of integrating vectors (lentivirus, 
AAV) and episomal vectors (HSV, AV) may ultimately facilitate genetic 
manipulation of post-mitotic neurons ex vivo, at present, the usefulness of 
primary neurons as vehicles for gene transfer is minimal. Researchers therefore 
soon turned towards well-established cultures of non-neuronal cells which do 
proliferate and can easily be manipulated by retroviruses to express transgenes. 
Fibroblasts quickly became the ideal candidates and have been modified to 
produce a variety of neurotransmitter-synthesizing enzymes (e.g. tyrosine 
hydroxylase and choline acetyl transferase) and trophic proteins (e.g. nerve 
growth factor). Drawbacks of this technique are, however, that fibroblasts are 
unable to incorporate functionally into the host brain's cytoarchitecture ) 
damaged circuits cannot be reformed and regulated release of substances may be 
missing. Thus, investigators started to look for another cell type which would be a 
source of a homogeneous cell population; which, while proliferating, could easily 
be maintained and genetically manipulated in vitro; and, at the same time, would, 
after grafting, be able to integrate seamlessly into the cytoarchitecture and circuitry 
of the host CNS. 

For several years, there has been a growing interest in the therapeutic potential of 
neural stem cells (NSCs) and progenitors for therapy in CNS dysfunctions. This 
interest derives from the realization that these cells are more than simply a 
replacement for fetal tissue in transplantation paradigms and yet another vehicle 
for gene delivery. Rather, the basic biology of these cells endows them with a 
quality that other vehicles for gene therapy and repair may simply not possess 
(e.g. Martinez-Serrano & Snyder 1999, Snyder & Senut 1997): the potential to 
integrate into the neural circuitry after transplantation. With the first recognition 
that NSCs, propagated in culture, could be reimplanted into mammalian brain 
where they could reintegrate appropriately and stably express foreign genes, gene 
therapists and restorative neurobiologists began to speculate how such a 
phenomenon might be harnessed for therapeutic advantage. These, and. the' 
studies which they spawned (Yandava et al 1999, Lundbexg et al 1997, Rosario et 
al 1997, Lacorazza et al 1996, Renfranz et al 1991) provided hope that the use of 
NSCs, by virtue of their inherent biology, might circumvent some of the 
limitations of presently available graft material and gene transfer vehicles, and 
make feasible a variety of novel therapeutic strategies (Table 1), 

NSCs are postulated to be immature, uncommitted cells that exist in the 
developing and even adult nervous system (Gage et al 1995, Reynolds & Weiss 
1992) and are responsible for giving rise to the vast array of more specialized cells 
of the mature CNS. They are operationally defined by their ability to self-renew, 

their potential to differentiate into various (if not all) neuronal and glial cell 
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TABLE 1 Properties of neural stern cells that make them appealing vehicles for CNS 
gene therapy and repair 



Genetic manipulability 

Progenicor/stem cells easily transduced ex vivo by most viral and non- viral gene transfer methods. 
Facile engraf lability following simple implantation procedures 

From engraftment in germinal zones (as well as into parenchyma), can broach BBB unimpeded; 
no requirement for conditioning regimes (e.g. irradiation as in bone marrow transplantation 
or opening of BBB). 

Sustained foreign ( therapeutic ) gene expression 

Throughout CNS, from fetus to adult, following technically simple and safe reimplantation 
procedures; CNS levels rise immediately. 

Potential for normal reintegration into host cytoarcbitecture and circuitry 

Differentiate along all CNS cell-type lineages; important for diseases in which neurons and glia 
are both affected; not only allows direct, stable and perhaps regulated delivery of therapeutic 
molecules, but also enables replacement of range of dysfunctional neural cells and possible 
reconstruction of connections and networks. 

A. bility to migrate 

Particularly within germinal zones, enabling replacement of genes and cells to be directed not 
only to discrete sites but to widely disseminated lesions as well for diseases of a more global 
nature; for more focal implants, ability of cells to intermingle with host cells rather than clump 
at injection track insures homogeneous distribution of therapeutic molecules throughout 
target tissue. 

Plasticity 

Ability to accommodate to region of engraftment and assume array of phenotypes; obviates 
necessity for obtaining donor cells from many specific CNS regions, or imperative for precise 
targeting of donor cells during reimplantation, or need for tissue-specific promoters for 
foreign gene expression. 

Compensatory of transgene non-expression 

Low levels of normal neural products expressed intrinsically by progenicor/stem cells (lysosomal 
enzymes; neurotrophic, matrix, adhesion and homeodomain molecules; myelin) helps 
safeguard against transgeneinactivation; neural cells may sustain expression of foreign neural 
genes loager than non-neural vehicles; abiliry to integrate multiple copies of a transgene inco 
its genome (e.g. following repeated sequential retroviralinfection) helps thwart loss of 
expression; may also provide as-yet-unrecognized beneficial neural-specific substances. 

One stem cell may carry multiple transgenes 

Following multiple transfection events, one cell can transfer multiple gene products 
simultaneously. 

Minimisation of side effects 

Distribution of gene products restricted to CNS; while proteins may be disseminated by stem 
cells throughout brain for diseases of global nature, by altering mode of administration, cells 
can be selectively integrated in proximity to neurons that require given factor without 
afFecting cells fox which the molecule might be problematic; conditioning regimes not 
required prior to transplantation as in bone marrow therapy. 



(Continued) 
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A bility to serve as producer cells for the in vivo dissemination of viral vectors 

I May help amplify distribution of virus-mediated genes to large CNS regions and numbers of 
cells. 

Immunotolerance 

In rodent transplant studies, multiple recipients and mouse strains can integrate the same murine 
stem cell clone without rejection or the necessity for immunosuppression, suggesting a need 
for generating very few effective clones (one clone used by many). 
Tropism for and trophism within regions of CNS degeneration 

When confronted with neurodegenerative environments, stem cells alter their migration & 
differentiation patterns towards replacement of dying cells; probably a vestigial 
developmental strategy with therapeutic value. 



lineages, and to populate developing or degenerating CNS regions in multiple 
regional and temporal contexts. We can even hypothesize that, whenever the 
| CNS is injured, it may actually try to 'repair itself with its own endogenous NSC 
population but that, for most injuries that come to clinical attention, that supply is 
restricted in the number of available NSCs or insufficiently mobilized and even 
counteracted by growth-inhibitory environment, specially in adult brain. This 
unexplored possibility of a 'self-repair' could already be postulated in the context 
:£ of the regenerative effect of fetal tissue grafts on host tissue (Ourednik et al 1 993, 
1998, Ourednik & Ourednik 1994) and is corroborated by the fact that such fetal 
tissues still contain a large pool of endogenous NSCs which are probably 
responsible for the observed graft-induced remodelling by the post-mitotic host 
brain. Furthermore, pilot studies in which endogenous progenitors in the 
suventricular germinal zone (SCZ) are labelled and tracked just as a devastating 
hypoxic-ischaemic brain injury is experimentally imposed on the cortex, suggests 
that these progenitors alter their normal stereotypical migratory route to the 
olfactory bulb and move instead towards the damaged regions to become new 
neurons in regions where neurogenesis has been conventionally deemed as; 
having been completed. Therefore, to augment such a response with 'pure' 
exogenous NSCs (transgenic or not), implanted opportunistically at strategic 
times following injury, may enable an even more significant recovery. 

NSC clones have been maintained in a proliferative state by several equally safe 
and effective strategies: through manipulation of internal commands 3 by genetic 
means (e.g. transduction of propagating genes that interact with cell cycle 
regulatory proteins) or by exposure to 'external commands' (e.g. such epigenetic 
means as chronic mitogen stimulation or co-culture on various cellular membrane 
substrates). Such manipulations do not subvert the ability of stem cells to respond 
to normal microenvironmental cues: to withdraw from the cell cycle, interact with 
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host cells and to differentiate. This point has been successfully illustrated by a 
prototypical model murine NSC clone (designated clone CI 7.2), which was 
initially isolated from 4-day-old mouse cerebellum but has the ability to 
accommodate to most neural regions at most periods throughout the mouse's life 
(Snyder etal 1992). When transplanted into various germinal zones throughout the 
brain, these cells participate in normal development of multiple regions at multiple 
stages along the murine neuraxis (expressing their marker, ^-galactosidase, from 
the bacterial lacZ transgene). They intermingle non-disruptively with endogenous 
neural progenitor/stem cells, responding to the same spatial and temporal cues in a 
similar manner and differentiating into all neuronal and glial cell types. Crucial for 
therapeutic considerations, the structures to which they contribute develop 
normally. Thus, their use as graft material can be considered almost analogous to 
haematopoietic stem cell-mediated reconstitution. In the following sections, using 
clone C17.2 as model for NSCs in general, we present examples of their behaviour 
in several grafting experiments simulating various neuropathology situations. 



Non-engineered NSCs correct a variety of CNS defects 

In testing the potential of NSCs to replace dying cells and lost neural circuits in 
degenerating brain, insights have been derived from studying mouse mutant and 
specific injury paradigms which have served nicely as well-controlled and well- 
defined models for more complex CNS dysfunctions. In such experiments, NSCs 
appear well suited for replacing some degenerated or dysfunctional neural cells. 

In the meander tail {mea) mutant, which is characterized by failure of sufficient 
granule neurons to develop in certain regions of the cerebellum, NSCs, 
implanted at birth, were capable of depopulating' large agranular portions with 
neurons (Rosario et ai 1997). A pivotal observation, with implications for 
fundamental stem cell biology, was that cells with the potential for multiple fates 
'shifted' their mode of differentiation to compensate for a deficiency in a particular 
cell type. As compared with their differentiation in normal cerebella, a 
preponderance of these donor NSCs in regions deficient in granule neurons 
pursued a granule neuronal phenotype in preference to other potential 
phenotypes, suggesting the presence of environmental signals 'pushing' 
undifferentiated, multipotent cells towards repletion of the inadequately 
developed cell type. This phenomenon was observed in more than one study (as 
will be illustrated in some of the following examples) and presents a possible 
developmental mechanism with obvious therapeutic value. 

Preliminary work in another mutant, the reeler (rl) mouse, has suggested that 
NSCs may not only replace developmental^ impaired cells, but may also help 
correct certain aspects of abnormal cytoarchitecture (Auguste et al 1996). The 
laminar assignment of neurons in rl mouse brain is profoundly abnormal due, 
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most likely, to a mutation in a gene encoding the secreted extracellular matrix 
(ECM) molecule, Reelin. NSCs, implanted at birth into the defective developing 
rl cerebellum, appeared in pilot studies not only to replace missing granule neurons 
in correct laminar position, but also to restore a more wild-type laminated 
appearance in engrafted regions by influencing the migration and survival of 
mutant neurons, most likely by providing molecules (including Reelin) that 
guide proper histogenesis. These findings therefore suggest a possible stem cell- 
based strategy for the treatment of CNS diseases characterized by abnormal 
cellular migration, lamination and cytoarchitectural arrangement. 

Many neurologic diseases, particularly those of neurogenetic aetiology, are 
characterized by global degeneration or dysfunction. Mutants characterized by 
CNS- wide white matter disease provide an ideal model for testing hypotheses 
that NSCs might also be useful in neuropathologies requiring widespread neural 
cell replacement. The oligodendroglia of the dysmyelinated shiverer {shi) mouse are 
dysfunctional because they lack myelin basic protein (MBP) essential for effective 
myelination. Therapy, therefore, requires widespread replacement with MBP- 
expressing oligodendrocytes. NSCs transplanted at birth (employing an 
intracerebro ventricular implantation technique devised for diffuse engraftment 
of enzyme-expressing NSCs to treat global metabolic lesions, Yandava et al 1999) 
resulted in engraftment throughout the shi brain with repletion of significant 
amounts of MBP (Figs 1 and 2). Accordingly, of the many donor cells which 
differentiated into oligodendroglia, a subgroup myelinated 40% of host neuronal 
processes. In some recipient animals, the symptomatic tremor decreased. 
Therefore, 'global' cell replacement seems feasible for some pathologies if cells 
with stem-like features are employed. This approach is being extended to other 
poorly myelinated mutants, e.g. mouse models of Krabbe's globoid cell 
leukodystrophy. The ability of NSCs to remyelinate is of particular importance 
because dys-/de-myelination plays an important role in many genetic (e.g. 
leukodystrophies, inborn metabolic errors) and acquired (traumatic, infectious, 
asphyxial, ischemic, inflammatory) neurodegenerative processes. More broadly, 
complementation studies in mutants, such as those described above, help support 
a NSC-based approach, whether with exogenous NSCs or with appropriately 
mobilized endogenous NSCs, for compensating for neurodevelopmental 
problems of many aetiologies. 

One of the most fascinating characteristics of NSCs is that they indeed can react 
to neurodegeneration by Shifting' their pattern of differentiation towards 
t replenishing > of the missing cell types. One of the studies demonstrating this 
phenomenon was performed in a model of experimentally induced apoptosis of 
selectively targeted pyramidal neurons in the adult mammalian neocortex 

(Snyder et al 1997), Apoptosis (at least at particular critical phases) is becoming 

implicated in a growing number of both neurodegenerative and normal 
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developmental processes. When transplanted into this neuron-specific 
degenerative environment, 15% of NSCs Altered' the differentiation path they 
otherwise would have taken under normal developmental circumstances 
(neurogenesis has normally ceased in the adult cortex) arid instead differentiated 
specifically into that type of degenerating neuron, partially replacing that lost 
neuronal population. Pilot studies further suggest that some replacement 
neurons sent axons across the corpus callosum to appropriate targets in the 
contralateral hemisphere. Thus, this neurodegeneration may have created a 
'milieu* which recapitulates normal embryonic developmental cues (e.g. for 
cortical neuronogenesis) to which NSCs can respond to therapeutic advantage. 
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Evidence from experimental mouse models that even more closely emulate 
clinical situations further suggests that CNS injury or degeneration (of a certain 
type and/or during critical developmental time windows) might advantageously 
direct the migration, proliferation and differentiation of NSCs, both of host and 
donor origin. In a preliminary study, mice treated systemically with MPTP (1- 
methyl-^phenyl-l^.S^-tetrahydropyridine), a drug selectively destroying 
dopaminergic cells in the brainstem, and subsequently grafted unilaterally with 
NSC clone CI 7.2 displayed a reconstituted dopaminergic cell population 



FIG. 1. Engrafted NSCs in recipient shi mutants differentiate into oligodendrocytes (I) and 
functional and behavioural assessment of transplanted shi mutants and controls (II). (I A,B) 
Donor- derived Xgal + cells in representative sections through the corpus callosum possess 
characteristic oligodendroglial features — small, round or polygonal cell bodies with multiple 
fine processes oriented in the direction of the neural fibre tracts. (C) Close-up of a representative 
donor-derived anti-/?-galactosida$e immunoreactive oligodendrocyte (arrow) extending 
multiple processes toward and beginning to enwrap large, adjacent axonal bundles viewed on 
end in a section through the corpus callosum. That cells such as those in A— C are oligodendroglia 
is confirmed by the representative electron micrograph in (D), demonstrating a donor-derived 
Xgal- labelled oligodendrocyte (LO) distinguished by the electron-dense Xgal precipitate that 
typically is localized to the nuclear membrane (arrow), endoplasmic reticulum (arrowhead), and 
other cytoplasmic organelles. The area indicated by the arrowhead is magnified in the inset to 
demonstrate the unique crystalline nature of individual precipitate particles. (II) The shi 
mutation is characterized by the onset of tremor and a 'shivering gait* by the second to third 
postnatal week. The degree of motor dysfunction in animals was gauged in two ways: (i) by 
blindly scoring periods of standardized videotaped cage behaviour of experimental and 
control animals and (ii) by measuring the amplitude of tail displacement from the body's 
rostral-caudal axis (an objective, quantifiable index of tremor). Video freeze-frames of 
representative unengrafted and successfully engrafted shi mice are seen in (A) and (B). The 
whole-body tremor and ataxic movement observed in the unengrafted symptomatic animal 
(A) causes the frame to blur, a contrast to the well- focused frame of the asymptomatic 
transplanted shi mouse (B). 60% of transplanted mutants evinced nearly normal-appearing 
behaviour and attained scores that were not significantly different from normal controls. 
(C) and (D) depict the manner in which whole-body tremor was mirrored by the amplitude of 
tail displacement (hatched arrow in C), measured perpendicularly from a line drawn in the 
direction of the animal's movement (solid arrow, which represents the body's long : axis). 
Measurements were made by permitting a mouse, whose tail had been dipped in India ink, to 
move freely in a straight line on a sheet of graph paper as shown. Large degrees of tremor cause 
the tail to make widely divergent ink marks away from the midline, representing the body's axis 
(C). Absence of tremor allows the tail to make long, straight, uninterrupted ink Lines on the paper 
congruent with the body's axis (D). The distance between points of maximal tail displacement 
from the axis was measured and averaged for transplanted and untransplanted shi mutants and 
for unaffected controls (hatched arrow). (C) shows data from a poorly engrafted mutant that did 
not improve with respect to tremor whereas (D) reveals lack of tail displacement in a successfully 
engrafted, now asymptomatic shi mutant. Overall, 64% of transplanted shi mice examined 
displayed ac lease a 50% decrement in the degree of tremor or * shiver*. Several showed zero 
displacement. Bars: I. A,B, and C=10/rni, D=1.5/*m, II. A,B = 2.5cm. (Modified from 
Yandava et al 1999.) 
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composed of donor and host. This suggests that NSCs not only replenished a 
defined pool of a missing cell type but also reactivated regenerative capacities 
within the aged host. 

In a newborn mouse, unilateral carotid ligation combined with reduced ambient 
oxygen produces extensive hypoxic-ischaemic brain injury (HI) throughout the 
ipsilateral cerebral hemisphere. HI is an ideal prototype for a range of untreatable 
acquired and inherited neurodegenerative conditions and involves multiple cell 
types and regions in a devastatingly extensive manner. NSC clone CI 7.2 was 
used in two ways to help study the biology of NSC-based reconstitution of this 
large CNS lesion (Park et al 1997, 1999). In the first paradigm, NSCs are allowed 
to integrate during development into the representative cytoarchitecture of the 
normal brain prior to unilateral HI, creating virtually a chimeric brain of host 
and donor 'reporter stem cells'; the movements and responses of this 'reporter' 
NSC clone to HI (which can be reliably tracked by virtue of its lacZ reporter gene 
expression) would presumably mirror the behaviour of endogenous host 
progenitors and NSCs, with which it has intermixed, whose clonal relationships, 



FIG. 2. (I) Myelin basic protein (MBP) expression in mature transplanted and control brains. 
(A) Western analysis for MBP in whole brain ly sates. The brains of three representative 
transplanted shi mutants (lanes 2-4) express MBP at levels close to that of an age- matched 
unaffected mouse (lane 1, positive control), and significantly greater than the amounts seen in 
untransplanted (lanes 7,8, negative control) or unengrafted (lanes 5,6, negative control) age- 
matched shi mutants. (Identical total protein amounts were loaded in each lane.) (B-D) 
Iramunocytochemical analysis for MBP. (B) The brain of a mature unaffected mouse is 
immunoreactive to an antibody to MBP (revealed with a Texas red-conjugated secondary 
antibody). (C,T3) Age- matched engrafted brains from shi mice similarly shew 
immunorcactivity. Untransplanted shi brains lack MBP. Therefore, MBP immunoreactivity 
has also classically been a marker for normal donor-derived oligodendrocytes (C,D). II. NSC- 
derived 'replacement' oligodendrocytes appear functional as demonstrated by ultrastructural 
evidence of myelinarion of shi axons. In regions of MBP-expressing NSC engraftment, shi 
neuronal processes become enwrapped by thick, better compacted myelin. (A) At 2 weeks 
post-transplant, a representative donor-derived, labelled oligodendrocyte (LO) (recognized by 
extensive Xgal precipitate (p) in the nuclear membrane, cytoplasmic organelles, and processes) is 
extending processes (a representative one is delineated by arrowheads) to host neurites, and is 
beginning to ensheathe them with myelin (m). (B) If engrafted shi regions, such as that in A, are 
followed over time (e.g. to 4 weeks of age as pictured here), the myelin begins to appear healthier, 
thicker and better compacted (examples indicated by arrows) than that in age-matched 
untransplanted control mutants. (C) By 6 weeks post-transplant, it matures into even thicker 
wraps; ~40% of host axons are ensheatbed by myelin. The higher power view of a 
representative axon shows its myelin to be dramatically thicker and better compacted than the 
shi myelin (an example of which is shown in D) (black arrowhead) from an unengrafted region of 
an otherwise successfully engrafted shi brain. In C, white arrowheads indicate representative 
regions of myelin that arc magnified in the adjacent insets; major dense lines are evident. 
(Modified from Yandava et al 1999.) 
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characteristics and degree of homogeneity are much less certain and which are 
otherwise 'invisible 3 to such monitoring. In the second paradigm, CI 7.2 
'reporter cells' are implanted at various intervals following HI. In both 
paradigms, in response to HI, a subpopulation of 'reporter' and host cells 
transiently re-entered the cell cycle and migrated preferentially to the ischaemic 
site as if responding to newly elaborated cues. Donor-derived cells integrated 
extensively within the large infarcted areas that span the length of the brain; even 
cells implanted into the intact contralateral hemisphere migrated towards regions 
of injury, A subpopulation of both reporter- and host-derived cells (particularly in 
the penumbra) then once again became quiescent and differentiated into new 
neurons and oligodendrocytes, the neural cell types typically damaged following 
HI and least likely to regenerate spontaneously in postnatal CNS. In the injured 
postnatal neocortex there was a fivefold increase in donor-derived oligo- 
dendrocytes compared to the intact neocortex and, most significantly, NSCs now 
yielded neurons at a stage in mammalian development when no cortical neurons are 
normally born; 5% of engrafted NSCs on the injured side, compared to 0% on the 
intact contralateral side, now differentiated into neurons, an amount that translates 
into tens-of-thousands of replacement neurons. (While it is unknown how many 
neurons and how much circuitry are required to reconstruct a damaged system, 
older lesion data suggest that relatively little, even less than 10%, restoration may 
be sufficient.) As in the targeted apoptosis model, novel signals appear to be 
transiently elaborated following HI (three to seven days following HI appears 



FIG. 3. Neuronal replacement by a representative human neural stem eel) (hNSC) clone 
following transplantation at birth into the cerebellum of the granule neuron-depleted meander 
tail mutant mouse model of developmental neurodegeneration, (a-g) BrdU-intercalated 
donor-derived cells identified three weeks following direct implantation into external germinal 
layer of the meander tail {mea) cerebellum by anti-BrdU immunochemistry. (a) hNSCs are present 
in the inner granular layer (igl, arrows) of all lobes of the cerebellum (granule neurons are 
diminished throughout the cerebellum with some prominence in the anterior lobe), (b) Higher 
magnification of the representative posterior cerebellar lobe indicated by arrow in panel a, 
demonstrating the large number of donor-derived cells present within the recipient igl. (c-g) 
Various magnifications of donor-derived cells within the igl of a mea anterior cerebellar lobe. 
(f>8) Nomaxski optics are utilized to bring out the similarity in site and morphology of host 
BrdU-negarive cerebellar granule neurons (arrow heads) and a BrdU-intercalated, donor- 
derived neuron (arrow), (h, i) Neuronal differentiation of a subpopulation of donor-derived, 
BrdU-intercalated cells is illustrated by co-labelling with BrdU in (h) and the mature neuronal 
marker NeuN in (i) (indicated with arrows). Adjacent, donor-derived cells are non-neuronal as 
indicated by their BrdU-positive, NeuN -negative phenotype (arrowhead), (j) Cells within the igl 
are demonstrated to be donor-derived human cells by FISH for a human-specific probe 
identifying the centromeres of all chromosomes,^//. Other centromeres are present, but out of 
the plane of focus in this photomicrograph. Bars: a,b = 100/im; c, d-75^m; e-40/im; 
f,g = 10 ^m; h,i,j = 50 jem. (Modified from Flax et al 1 998.) 
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optimal), to which NSCs (donor and host) respond by 'shifting' their normal fate 
to compensate for the loss of those particular cell types. 

These phenomena are probably pervasive throughout the CNS. A similar 
tropism and trophism for NSCs by apoptotic neurodegenerative environments 
appears evident in the postnatal spinal cord (SC) during segmental motoneuron 
(MN) degeneration induced by neonatal sciatic axotomy, a classic experimental 
model of spinal neuron degeneration. Although MNs are normally bom only in 
the fetus, in pilot studies where NSCs are implanted during active degeneration, a 
significant proportion of them will engraft, migrate toward and throughout the 
segments of MN-impoverished ventral horn and differentiate (20%) into cells 
that resemble the lost MNs (Himes et al 1995). Again, engrafted NSCs continue 
tp express foreign reporter genes suggesting that, as in the asphyxiated brain, 
implantation of genetically engineered NSCs expressing trophic agents, 
cytokines or other factors might enhance neuronal differentiation, neurite 
outgrowth and proper connectivity. 



NSCs and genetic engineering — combining cell 
replacement and gene therapy 

Precisely what the stem cell-modifying signals are that arc normally elaborated as a 
consequence of neurodegeneration is an area of active investigation. They no 
doubt are a complex mix of various mitogens, cytokines, trophic and tropic 
agents, adhesion and ECM molecules, chemotactic and angiogenic factors, etc, 
elaborated by reactive astrocytes, activated microglia, inflammatory cells, 
invading macrophages and damaged neurons and glia. Since the concentrations 
of these factors and their ratios change with time, they create a temporal 
'window' of increased plasticity during the acute/subacute post-lesioning phase 
(first 2-3 weeks). Might this naturally established plastic phase in the injured 
brain, so favourable for successful engraftment of NSCs, be further prolonged 
and enhanced by augmenting some of those factors? Because in the paradigms 
described above, engrafted NSCs continue to express their marker transgene lacZ 
within the large infarcted areas, it appears feasible that such cells can be genetically 
manipulated prior to transplantation to express such agents, in vivo (much like a 
pump infusing growth factors). 

Neurotrophin 3 (NT-3) is known to play a role in promoting neuronal 
differentiation (although its presence after HI remains unclear). An NSC clone 
secreting large amounts of NT-3 might not only have an impact on host cells, 
but, intriguingly, might itself respond to NT-3 in an autocrine/paracrine fashion. 
This, indeed, seems to be feasible. In preliminary studies, when a subclone of CI 7.2 

NSCs, retrovirally transduced ex vivo to overexpress NT-3, arc implanted into 

brains suffering from HI, the percentage of donor-derived neurons seems to be 
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dramatically increased to 20% in the infarction cavity and to 80% in the penumbra 
(compared to the 5% when non-engineered NSCs are used) (Park et al 1997). As 
another example, we can again adduce the pilot experiments on parkinsonian mice 
we described above. A group of these mice were grafted with CI 7.2 cells 
overexpressing the neural cell adhesion molecule LI (known to promote cell 
migration and neurite outgrowth; Burden-Gulley et al 1997). This resulted in an 
increased migration of donor-derived dopaminergic nerve cells and a quicker 
bilateral reorganization of the substantia nigra. Such observations suggest the 
use of NSCs for simultaneous, combined gene therapy and cell replacement in 
the same transplant using the same clone in the same recipient — an appealing 
NSC property with implications for therapies in other degenerative conditions 
involving other neural cell types. 

The feasibility of a stem cell-mediated delivery system for therapeutic molecules 
was first affirmed by correcting the widespread neuropathology of a murine model 
of the genetic neurodegenerative lysosomal storage disease mucopolysaccharidosis 
type VII (MPS VII). Caused by a frameshift deletion of the ^-glucuronidase gene 
(GUSB), this heritable condition causes progressive mental retardation in humans 
and inexorable neurodegeneration in mice (Snyder et al 1995). NSCs were 
genetically modified with a retrovirus encoding human GUSB to augment the 
mouse GUSB constitutively secreted by these cells. Transplantation of these 
GUSB-overexpressing cells into the cerebroventricular system of newborn MPS 
VII mice resulted in profuse incorporation of donor-derived cells throughout the 
mutant neuraxis. This brain-wide distribution of engrafted GUSB-secreting NSCs 
corresponded to the distribution of corrective levels of GUSB throughout the 
mutant brains devoid of that enzyme. The diffuse GUSB expression in turn 
resulted in widespread permanent correction of lysosomal storage in mutant 
neurons and glia, throughout mutant brains. While MPS VII may be regarded as 
'uncommon', the broad category of diseases which it models (neurogenetic 
degenerative conditions) afflicts as many as 1 in 1500 persons. This approach is 
therefore being extended to other unbeatable- neurodegenerative diseases 
characterized by an absence of discrete gene products and/or the accumulation of 
toxic metabolites. For example, retrovirally-transduced NSCs, implanted into fetal 
and neonatal mice using the intracerebroventricular technique, have successfully 
mediated widespread expression throughout the brain of the a-subunit of /?- 
hexosaminidase, a mutation of which leads to accumulation of GM2 ganglioside 
(Tay-Sachs disease, Lacoraz2a et al 1996). 

With the stage having been set by experiments such as these, such ex vivo gene 
therapy strategies have been successfully employed in other experimental models 
of neurologic disease. These have included delivering tyrosine hydroxylase (TH) 
to the striatum of parkinsonian animals; nerve growth factor (NGF) to cholinergic 
systems of the septum and nucleus basalis magnocellularis to induce sprouting and 
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to reverse cognitive deficits in models of Alzheimer's disease and ageing; NGF and 
brain-derived growth factor (BDNF) for neuroprotection against excitotoxic 
lesions in striatum mimicking Huntington's .disease (Martinez-Serrano & 
Bjorklund 1996, Martinez-Serrano et al 1995a,b, 1996). In approaching metabolic 
diseases such as those above, there is an interesting point to be made that might be 
applicable to ex vivo gene therapy in general: NSCs, because they are normal CNS 
cells, often constitutiveiy express baseline amounts of a particular enzyme or 
neutoactive factor. The extent to which this amount needs to be augmented by 
genetic engineering may vary from protein to protein and needs to be studied 
individually. Reassuringly, in most inherited metabolic diseases and in many 
neurologic diseases in general, the amount of enzyme required to restore normal 
metabolism and forestall CNS disease may be quite small. Also reassuringly, we 
affirmed that NSC expression of therapeutic levels of foreign genes (even if 
reduced) can persist lifelong and that transducing a given NSC multiple times 
with a retroviral vector, thus inserting multiple copies of a therapeutic transgene 
within the same cell, is a simple and immediately* available method for blunting 
decrements in transgene expression. 

Experiments like those described above have established a paradigm for the stem 
cell-mediated brain-wide distribution of other diffusible (e.g. synthetic enzyme, 
neurotrophic viral vector) and non-diffusible (e.g. myelin, extracellular matrix) 
therapeutic or developmental factors, as well as the distribution of 'replacement* 
neutaJ cells. In developing brains, the cells actually contribute to organogenesis of 
multiple CNS structures (Table 1). Because NSCs can populate widely 
disseminated developing or degenerating CNS regions with cells of multiple 
lineages, their use as graft material in the brain can be considered analogous to 
haematopoietic stem cell-mediated reconstitution and gene transfer in the body. 
Yet, unlike in bone marrow transplantation, this method of delivery does not 
preclude being able to transport gene products into the cytoarchitecture of 
circumscribed regions in order to effect selective manipulations and avoid 
extensive genetic alteration should the clinical context demand it. For some 
diseases, widespread gene product dissemination is not desired. In fact, solely by 
altering their mode of administration or implantation, NSCs can be selectively 
integrated into more focal and discrete regions in proximity to those neurons 
that: require a given neuroactive factor without affecting cells at more remote 
locations for which the molecule might be problematic. 

A recent unexpected use of the NSC takes advantage of its ability to migrate 
extensively and to 'home in* selectively on CNS pathology while continuing to 
express bioactive foreign genes. One of the impediments to the treatment of 
primary human brain tumours (e.g. gliomas) has been the degree to which they 
expand, infiltrate surrounding tissue and migrate widely into normal brain, 

usually rendering them 'elusive' to effective resection, irradiation, chemotherapy 
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\ or gene therapy. In preliminary studies, we have observed that migratory NSCs, 
when implanted into experimental intracranial gliomas in vivo in adult rodents, 
distribute themselves quickly and extensively throughout the tumour bed and 
migrate uniquely in juxtaposition to widely expanding and aggressively 
advancing tumour cells while continuing to stably express a foreign gene. The 
NSCs, in effect, Surround' the invading tumour border while 'chasing down 5 
infiltrating tumour cells. Furthermore, when implanted intracranially at distant 
sites from the tumour bed in adult rodent brain (e.g. into normal tissue, into the 
contralateral hemisphere, or into the cerebral ventricles), the donor cells migrate 
through normal tissue targeting the tumour cells (including human 
glioblastomas). NSCs can deliver a bioactive therapeutically-relevant 
molecule — the oncolysis-promoting enzyme cytosine deaminase — such that in 
vitro and in vivo, upon activation, a dramatic, quantifiable reduction in 

^ surrounding tumour cell burden results. These data suggest the adjunctive use of 
inherently migratory NSCs as a delivery vehicle for more effectively targeting a 
wide variety of therapeutic genes and vectors to refractory, migratory, invasive 

-; brain tumour cells. More broadly, they suggest that NSC migration can be 

; extensive, even in the adult brain and along non-stereotypical routes, if 
pathology (as modelled here by tumour) is present. 



Getting closer to human therapy — establishment of human NSC clones 

The ability of NSCs to migrate and incegrate throughout the brain as well as to 
disseminate a foreign gene product is of great significance for the development of 
new therapies for neurodegenerative diseases in humans. Hereditary diseases like 
Tay— Sachs disease result in lesions throughout the CNS. Diseases of adult onset, 
too, e.g. Alzheimer's disease, can be diffuse in their pathology. Even acquired 
diseases such as spinal cord injury (SCI) are more extensive in their involvement 
than is typically assumed. Such trauma-related abnormalities may fully benefit 
from the multifaceted approach NSCs may enable: e.g. cell replacement to 
provide new neural connections as well as rernyelination; gene therapy" to 
support the survival of damaged neurons, to neutralize hostile milieu, to counter- 
act a growth-inhibitory environment and promote neurite regrowth, and the 
re-formation of stable and functional contacts. In the case of chronic SCI, an 
improved knowledge of the molecular barriers to SC remodelling is needed to 
optimize the plastic behaviour of NSCs in this otherwise foreboding terrain. 

A better understanding of fundamental NSC biology may soon allow human 
NSCs to be transplanted with therapeutic efficacy and without concern for 
recipient safety. Progress in this regard is already being made. Several NSC 
clones have been established from the human fetal telencephalon (hNSCs) which 
seem to emulate many of the appealing properties of their rodent counterparts 
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(Flax et al 1998); they differentiate, in vitro and in vivo, into neurons, astrocytes and 
oligodendrocytes; they follow appropriate developmental programmes and 
migrational pathways similar to endogenous precursors following engraftment 
into developing mouse brain; they express foreign genes in vivo in a widely 
disseminated manner; and they can replace missing neural cell types when grafted 
into various mutant mice (Fig. 3). 

Although very promising for ultimate human CNS therapy, these findings need 
first to be reproduced in animals that are closer to humans. As the analyses from our 
first studies indicate, hNSCs seem to respond to patterning signals from the 
developing monkey brain and intermingle with the endogenous cell populations 
following established migration streams (Ourednik et al 1999). If hNSCs behave in 
lesioned primate brains with respect to engraftment and foreign gene expression as 
they seem to do in mice,. we soon might have a powerful and versatile therapeutic 
tool in hand for use in human trials to help address genuine clinical 
neurodegenerative diseases — the ultimate goal of experiments that started 
almost a decade ago. 
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Sinden: Were all the HI experiments done in adult rats? 

Synder: The normal paradigm for doing this is to take a week-old mouse, ligate 
the common carotid artery, and then expose the animal for three hours to low 
oxygen tension, keeping the body temperature normal. This is a classic model for 
imposing a permanent injury that emulates a common cause of extensive, 
devastating cerebral palsy. (From an experimental point of view, by the way, this 
model comes as close as a neurobiologist will be able to come to emulating the 
haematopoietic stem cell biologist's test of ablating the bone marrow and 
looking for reconstitution.) Then we would selectively look at non-neurogenic 
areas; areas that, on the basis of clinical and animal data, never appear to 'repair' 
themselves. 

Rosser: Have you put these cells into any adult models of injury? 

Snyder: Yes. We are presently putting these cells in adult stroke and in adult SCI. 
Actually, one of the earliest examples of the response of NSCs to degeneration was 
observed in the adult in a series of experiments done with JefT Macklis a number of 
years ago (Snyder et al 1997). Jeff has an intriguing model where he can selectively 
induce a subclass of pyramidal neurons in the adult neocortex to degenerate by 
apoptotic mechanisms. Cytolytic nanospheres are injected into one hemisphere. 
The subclass of pyramidal neurons in cortical layers 2 and 5 that send axons 
across the corpus caliosum take up these nanospheres at their target regions and 
retrogradely transport them back to their cell bodies. If those cells are exposed to a 
laser beam of a prescribed wavelength, they will die an apoptotic death, leaving the 
rest of the cortex intact. If we implant an NSC clone into this 'depyramidized' area, 
a significant proportion will now become pyramidal neurons, although cortical 
neurogenesis has normally ceased. A subpopulation of these stem cell-derived 

pyramidal neurons will send their axons back across the corpus caliosum to the 
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appropriate target. Outside of that circumscribed area of neuronal loss, NSCs will 
not yield neurons at all; they will produce the 'normal' post-fetal developmental 
profile of cells; glial or undifferentiated cells. In other words, the exogenous 
NSCs seem to mirror faithfully the normal developmental processes prevalent at 
a given time in a given region; where neurogenesis is ongoing, NSC-derived 
neurons will be found; where neurogenesis has ceased and gliogenesis 
predominates, NSC-derived glia will be found. However, we find that if the same 
terrain is injured, a different scenario unfolds. In the mouse there seems to be a 
'window' of one week following injury during which there seems to be a 
'resetting' of the 'clock' transiently back to an embryonic environment; then the 
window closes again. 

Gray: In stating that this was apoptotic cell death, is that simply the model you 
use, or are you implying that signals from apoptotic cell death are critical, and that 
from necrosis you would get a different set of signals? 

Snyder: That is a great question. When Jeff and I first did that experiment, 
because the results were somewhat unexpected, we thought that, perhaps, it was 
something particular to apoptosis. It was because of those data that I subsequendy 
approached the spinal cord to investigate the apoptotic degeneration of another 
selected neural cell type outside its normal period of neurogenesis — the a MN. 
As we started employing other injury models such as infarcts, I was a little less 
certain about the singular role of apoptosis. Although we are learning that 
'paraptosis* or 'apoptosis' play a prominent role in many degenerative processes, 
including those that have classically been thought of as predominantly 'necrotic', 
such as an infarct, and although I can't rule out that it is those apoptotic 
components that are causing the effects we see, I am beginning to suspect that the 
altered responses of NSCs to degeneration and injury reflect a broader 
phenomenon. 

Keier: In the MN replacement study, am I right in thinking that you did 
neurectomies and grafting of the cells at the same time, in the neonate? 

Snyder: It is important to recognize that MNs are not normally born beyond fetal 
life. The model entails first performing a sciatic nerve transection in the .n£ohatal 
period, but then allowing the animals to mature by which time the MNs degenerate 
irreversibly. We started implanting NSCs at 4 weeks. Interestingly, the closer the 
implantation was performed to the actual active degeneration of the MNs, while 
they were undergoing apoptosis, the more robust the differentiation 'shift' by 
NSCs to yield MNs was. 

A ebiscber: Sciatic nerve axotomy is a rather acute model. There are many chronic 
models forMN degeneration: have you looked at these? 

Snyder: We are starting to do this now. Initially, we wanted to examine a model 
that had a well-characterized, controllable onset and caused a robust, synchronized 
neuronal death, ideally by an apoptotic mechanisms in a well-defined region. This 
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is why we chose sciatic nerve axotomy. We are now starting to approach models 
that perhaps emulate amyotrophic lateral sclerosis (ALS) better, but where the 
mechanism may be less clear. In early studies in the SOD transgenic mouse we 
have observed preliminary suggestions of a prolonged lifespan and diminished 
symptoms These preliminary results, of course, require more detailed analysis 

UndvalhU there any functional recovery provided by these cells you inject into 
the penumbra zone or into the infarcted area? 

Snyder: We are starting to look at this now. At this initial stage it is probably 
better to think of these experiments as cell biology that happened to be 
performed » »,, Second, anyone who has worked with mice knows that even 
that kind of dramatic experimental defect in the cortex does not give a dramatic 
functional phenotype. We have not yet done more subde cognitive testing. 
Undvall: The cortical deficit can be assessed by neurological tests 
Snyder: I agree, and we are starting to do some of those tests. We, however want 
to ma ke sure that we do tests that don't just reflect global behaviour. We want' to do 
functional tests that key in specifically to the cells that we were trying to replace to 
see whether our cells are being integrated into the circuitry, as opposed just to 
turning up the gain on parallel systems, or just providing a cellular source of 
released trophic factors. We are trying to be selective in the tests we employ 

I erry: The ghoma seems to be full of interesting puzzles. The phenomenology is 
clear, but how do you interpret it from the cell biology? Why would a progenitor 
ceU hitch a ride on tumour cells that go wandering off across the brain? Why are the 
cells migrating towards a tumour? 

SV*r: The simple answer is that I don't know. I can come up with the same 
kind of hypotheses that any of us would entertain. A number of investigators 
think that tumours are progenitor cells that have gone awry, yet retain some of 
the same biological properties. One of these is robust migratory behaviour. It 
may be that the tumour cells infiltrate normal tissue by the same mechanisms 
that progenitor cells migrate through normal tissue. It mav not be that one is 
hitching a ride' on the other, even though it looks like that; they could instead 
both be responding to similar cues. A second possibility is that the tumour is 
secreting factors that draw cells to it. This is suggested by some of our in vitro 
work m which tumour cells are permitted to confront stem cells. A third 
option is that the tumour is causing tissue damage that, in turn, produces 
signals that attract the progenitors. The migration of these donor NSCs seems 
to be highly directed. In an adult cortex without a tumour, the cells will engraft 
well but remain relatively restricted in their distribution and don't have this 
robust migration. However, the introduction of pathology appears to prompt 
directed migration to the affected area. ' 

Gray: Does this offer a means of targeting something to a tumour in a manner 
mat might then destroy the tumour cells? 
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Snyder: That is our hypothesis. The hope is that this could be an adjunctive 
therapy for gene therapy or other types of interventions against brain tumours. 

Blakemore: You have to be very careful to determine whether you are looking at 
migration or survival. It may just be that you have produced a survival trackway, 
and this is the only place the cells can go. If this was the case, you could mistake this 
for directed migration. 

Snyder: That is a good point. The total number of cells doesn't appear to change, 
so we do not believe we are losing cells. It doesn't say that there is not migration; k 
raises the question of what is causing the migration. 

Gray: It is not even about what the causes are — I think Bill is saying that what 
appears to be a causal process could just be a selective process. 

Snyder: We do not appear to be losing cells, such that the appearance of a given 
population of cells is merely a selection for survival. The distribution of the same 
number of cells seems to be altered. The real question, as mentioned before, is 
identifying the forces driving or directing this migration. For example, in the 
model of spinal MN degeneration in which stem cells implanted into dorsal horn 
migrate ventrally, one could remark that this is a long way for a diffusible factor to 
attract cells. An alternative intriguing explanation might hold that the 'inclination' 
of NSCs to migrate is not altered but rather as the SC starts developing, barriers to 
migration are progressively established as a normal part of regional specification. 
With an injury, especially with the selective loss of a particular cell type, there may 
be a loss of these barriers, a disinhibition, such that exogenous NSCs that ordinarily 
would have been excluded from migration to that ventral horn region now have 
the opportunity to enter it and encounter cues that they had been excluded from 
seeing that led to a MN differentiation. 

Blakemore: This is my point: we must not mistake survival for migration. 

Finsen: Do any of your cells differentiate into microglial cells? 

Snyder: Microglial cells are derived from the bone marrow. We have no evidence 
that NSCs, when implanted into the brain in vivo, can give rise to haematopoietic 
lineages. 

Price: Yesterday we discussed the transient developmental mechanisms,- which 
are involved in generating cells during embryogenesis, but which are absent later on 
during the process of regeneration. Your MN model is a beautiful system with- . 
which you could start to address some of those issues, particularly with regard to 
the hypothesis you j ust po sed that there might be some sort of barrier. What I would 
have thought was more likely, rather than some barrier being removed (for which 
there is currently no evidence), would be thinking about what is taking place of the 
floorplate during development. The floorplate is crucial in determining the fate 
during development of exactly the population of cells that you have killed and 
then replaced. One could hypothesize that somehow the mechanism the floorplate 
uses is being reactivated in the absence of the floorplate. Isn't an obvious 
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experiment to ask whether sonic hedgehog is being turned on again during repair? 
If so, which cells are taking on the role of producing that factor? You might find 
that you are able to manipulate expression. 

Snyder: That is an excellent speculation and we are looking at that. The netrins or 
the semaphorins may be appropriate candidates for the 'attractants' in this model, 
but the recapitualted differentiation of MNs is very 'floorplate-esque', and hence 
suggestive of a role for sonic hedgehog or a related factor. 

Rosser: Have you seen any differences between the oncogenically transformed 
and non-transformed stem cells. 

Snyder: Those cells are not transformed, and the term Oncogenesis' would be 
totally misused in such a context. For me, as for oncobiologists, transformation* 
has a specific rigorous definition, which is synonymous with the loss of growth 
control mechanisms, (by meeting such established criteria as loss of contact 
inhibition, ability, to grow in soft agar, ability to give, rise to tumours in the nude 
mouse, the inability to respond to normal signals to withdraw from the cell cycle). 
In stem cell clones in which propagation is assisted by a cell cycle regulatory gene, 
as soon as the cells enter the brain, that gene product constitutively and 
spontaneously disappears. To help answer your question, we now have various 
clones of human NSCs that are either propagated solely with exogenous 
mitogens (e.g. fibroblast growth factor [FGF] 2) or are propagated by mitogens 
augmented by the non-transforming propagating gene v-myc. ~V-myc operates 
downstream of and within the same signal transduction pathway as FGF2. It 
appears to be regulated in the same manner as endogenous cellular myc by normal 
developmental mechanisms including being down-regulated by the cell as it 
becomes quiescent during mitotic arrest and/or differentiation. Though the cells 
contain v-myc y they are nevertheless dependent on FGF2 for their propagation; in 
the absence of FGF2, the cells exit the cell cycle and differentiate . We suspect that 
the function of myc may be to prevent the cells from senescing or losing their 
multipotent phenotype after multiple passages. We are trying to compare these 
variously propagated clones c head to head 5 in all of these paradigms. In every 
aspect that we have examined so far, the human NSCs with v-myc and those 
without seem to behave identically, even after multiple passages. It frankly 
remains a matter of speculation in the stem cell field the best way to identify, 
expand and employ human NSCs. In the absence of reliable, unambiguous, 
universally agreed upon and widely verified cell surface or other markers, the 
field still relies upon operational definitions. As indicated in my paper, in 
collaboration with Richard Mulligan and Lou Kunkel at my institution, we are 
devising prospective FACS-based methods for isolating NSCs from neural tissue 
(both rodent and human) that appear to be based on cell cycle properties common 
to stem cells from all organ systems. (Indeed the established and proven murine and 
human NSC clones described in the experiments I have referred to in my 
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presentation segregate to and virtually engorge the 'bin' that selects stem cell 
populations, and cells in this bin have been shown to be NSCs by criteria 
employed by even other investigators, e.g. 'sphere formation', etc.) 

The loss of w-myc expression spontaneously and constitutive! v from stably 
engrafted NSCs following transplantation is consistent with 'the invariant 
absence of brain tumours derived from implanted v-^-propagated NSCs, even 
after several years in vivo in mice. With human NSCs, as with mouse NSCs, 
expanded in this manner, neoplasms are never seen. We have begun to entertain 
the hypothesis thai: v-myc may help to maintain cells in the cell cycle — hence 
holding their differentiation in abeyance — just long enough for them to exit the 
cell cycle within the transplanted brain as opposed to the culture dish and hence 
engraft and integrate optimally having been influenced maximally by their 
environment. (Cells that exit the cell cycle and pre-differentiate in the dish rather 
than in the recipient brain tend to engraft quite poorly.) We are also beginning to 
hypothesize, based on our observations, that v-myc may both preclude senescence 
of NSCs even after multiple passages as well as insuring that the cells maintain their 
NSC character— i.e. preventing phenotypic 'drift' — from passage-to-passage 
over prolonged periods of time. If you put v-»jr f -containing mouse cells or 
human cells into serum-free medium without a defined mitogen, they will come 
out of the cell cycle and differentiate, so v-myc alone is not sufficient to maintain 
cells in the cell cycle. 

Price: The issue surely would be whether the cells are more susceptible to 
becoming transformed. This is slightly different, and would be the crucial issue if 
one is thinking in terms of therapy. Transformation is thought to be a multistep 
process, and you have pushed your cells at least one step closer to transformation. 
Therefore the probability that a subpopulation of the cells can emerge that were 
transformed is raised. 

Snyder: I actually don't believe that such cells have been pushed a step closer to 
'transformation'. As you have indicated, we now appreciate that the development 
of a neoplasm is a much more complex, multifactorial process than was originally 
believed in the 1 980s. It entails a number of aberrations, beyond just the presence of 
one or even multiple genes. There are fundamental cellular processes that must go 
awry. (Indeed, even the term 'oncogene' has become passe— at least among : 
oncobiologists; indeed most of the 'oncogenes' of the 1980s — bcl-2, trk, wnt, 
erbB4, ^ — have lost that designation as a better understanding of' their 
fundamental cellular role has unfolded.) My bias is that, if the correct genes are 
used to permit maintenance in the cell cycle while in vitro but not in vivo — genes 
that are controlled constitutively and in self-regulated manner by the normal 
cellular processes that routinely chaperone cell cycle regulatory processes— then 
there 1S no more risk (and perhaps less risk) than taking a cell and 'bathing' it 
chronically in a mitogen. Probably our notions of what it takes to really 
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'transform' a cell are somewhat naive. Over 14 years, both in our lab and in the labs 
of multiple collaborators throughout the world, there have, been thousands and 
thousands of mice transplanted with genetically propagated cells without a single 
neoplasm, actually a better track record than some growth factor- perpetuated cells 
after prolonged passages. 

It probably bears discussing that, although the term 'transformation' is casually 
and usually incorrectly tossed about by non-oncobiologists in the NSC field even 
manipulated NSC clones never meet the established, rigorous criteria that properly 
define that term in vitro otinvivo; such clones respond to and respect all appropriate 
growth control signals for cell cycle withdrawal, differentiation and interaction 
with host cells. In culture, they become contact-inhibited, cannot grow in soft 
^u°T n n ° rmal arrestabIe acti * st "*s fibres and have a normal cell cycle 
length. When tested in nude mice, neoplasms never develop. In normal grafting 
studies, brain tumours are never seen; donor-derived cells insinuate themselves 
seamlessly and non-dismptively into the host cytoarchitecture. They never form 
inappropriate cell types. Furthermore, the total number of cells (host-plus-donor) 
observed in a given engrafted region always equals that observed in an analogous 
region of an untnmsplanted (j & ^ ^ ^ ^ 

NSCs do not abnormally augment or deform their region of integration but 
rather compete equally for space with host progenitors. These observations are in 
agreement with the finding that, when recipient animals are 'pulsed' with BrdU 
the proportion of donor cells that are still mitotic falls to zero by 48-72 h post- 
engraftment in non-Iesioned, non-neurogenic regions, a phenomenon that 
mirrors their behaviour in culture following contact inhibition. Accordingly 
transplanted mice never exhibit neurological dysfunction, and CNS regions 
within which donor cells engraft develop normally. In fact, recent studies have 
shown that they function in concert with host cells in a physiologically 
appropriate manner. Indeed, some of the clones of murine NSCs we have used 
(wh,ch happen to be genetically propagated) have been most useful in helping to 
dehneate fundamental stem cell properties (in addition to being among the safest 
and most efficacious to date). 

It actually still remains uncertain the best way to expand and propagate stem 
ce Is. There appears to be little doubt that expansion by some technique of the 
relatively small NSC population that exists in the brain will be required at some 
stage in the process in order to make therapeutic interventions practical Our 
data, especially with human NSCs, that clones propagated by one technique or 
the other seem to behave virtually identically, suggests that the door has been 
thrown open for investigators and/or clinicians to pick the technique that best 
serves their cluneal or research demands. Importantly, these findings have helped 

unify various research directions in this field: insights from studies of NSCs 

perpetuated by one technique can now be legitimately joined to those derived 
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from studies employing others, providing a more complete picture of NSC 
biology and its applications. (In fact, for some needs, because the key to 
exuberant engraftment is insuring that NSCs exit the cell cycle at precisely the 
right time — within the parenchyma, not outside it — self-regulated genetic 
means may actually prove to be the easier, safer, more cost-effective and reliable 
of strategies. Furthermore Svendsen has begun to marshal evidence that 
mitogen-mediated expansion alone may confront a Hayflick-like phenomenon of 
inherent senescence that may require blunting by genetic means.) 

Whether re-deriving stable, well-characterized clones for each clinical situation 
is prudent or effective by whatever means remains to be empirically determined. 
While the field has been contemplating of late the value and feasibility of isolating 
adult NSCs from agiven prospective recipient for subsequent autologous grafting, 
it should be noted that, for neurodegenerative diseases of possible genetic 
aetiology or predisposition— among them, Parkinson's disease— one clearly 
would not employ such a strategy. Indeed, the most effective and safest NSC 
clones (human or otherwise) — and the tacit goal within the stem cell 
community — is to derive human NSCs that can serve as 'off-the-shelf reagents 
and behave like established, stable, physiologically normal, well-characterized, 
homogeneous, readily accessible, abundant and universally tolerated cell lines 
Regardless of how these debates settle out over the next few years of empirical 
Study, the human NSC clones described by us here— if not the cells that actually 
go to clinical trials — can clearly serve as prototypes and the experiments in which 
they are used as proofs-of-principle for reporting on the efficacy of NSCs in these 
neurodegenerative environments. Based on our results to date using such murine 
and human NSCs in various disease models, they certainly can help establish a 
therapeutic standard that should be at least met by any method proffered for 
generating NSCs for clinical use. To achieve less may mean failing to truly realize 
or unlock the capabilities of the NSC. 
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Isolation and Intracerebral Grafting of Nontransformed 
Multipotential Embryonic Human CNS Stem Cells 

ANGELO L. VESCOVI, ANGELA GRITTI, ROSSELLA GALLI, and EUGENIO A. PARA I I 

ABSTRACT 

In this work, we show that the embryonic human brain contains multipotent central nervous sys- 
tem (CNS) stem cells, which may provide a continuous, standardized source of human neurons that 
could virtually eliminate the use of primary human fetal brain tissue for intracerebral transplan- 
tation. Multipotential stem cells can be isolated from the developing human CNS in a reproducible 
fashion and can be exponentially expanded for longer than 2 years. This allows for the establish- 
ment of continuous, nontransformed neural cell lines, which can be frozen and banked. By clonal 
analysis, reverse transcription polymerase chain reaction, and electrophysiological assay, we found 
that over such long-term culturing these cells retain both miiltipotentiality and an unchanged ca- 
pacity for the generation of neuronal cells, and that they can be induced to differentiate into cate- 
chlaminergic neurons. Finally, when transplanted into the brain of adult rodents iramunosuppressed 
by cyclosporin A, human CNS stem cells migrate away from the site of injection and differentiate 
into neurons and astrocytes. No tumor formation was ever observed. Aside from depending on scarce 
human neural fetal tissue, the use of human embryonic CNS stem cells for clinical neural trans- 
plantation should provide a reliable solution to some of the major problems that pertain to this field, 
and should allow determination of the safety characteristics of the donor cells in terms of tumori- 
genicity, viability, sterility, and antigenic compatibility far in advance of the scheduled day of 
surgery. 

Key words: cell replacement, human stem cells, neural transplantation, EGF, FGF2 



INTRODUCTION 

Any experimental repair strategy aimed at the de- 
velopment of therapies for the cure of neurodegen- 
erative disorders must take into account the inherent lack 
of regenerative capacity of the central nervous system 
(CNS) of adult mammals. Neural transplantation repre- 
sents one of the most innovative approaches directed at 
restoring neurological function through the replacement 

of cells lost to injury or disease by means of intracere- 
bral grafting of embryonic cells, which possess the nec- 
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essary differentiation potential and plasticity to func- 
tionally integrate into the damaged neural circuitry (Brtis- 
tle and McKay, 1996; Gage and Christen, 1997). In this 
perspective, implantation of embryonic CNS precursors 
is currently under active investigation in various animal 
models of neurological disorders, including metabolic 
deficit (Snyder et al., 1995), Huntington's disease 
(Peschanski et al.. 1995), and Parksinson's disease 
(Olanow et al., 1996) as well as spinal cord injuries (An- 
derson et al., 1995; Mon et al., 1997). 
The development of intracerebral transplantation in hu- 
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mans is presently hampered by the need of using human 
brain tissue of fetal origin. The scarcity of this material 
is compounded by practical issues such as age of the 
donor, viability, contamination, and heterogeneity of tis- 
sue as well as overwhelming ethical and moral concerns 
(Bjorklund, 1993). 

It has been proposed that neural precursor expanded in 
culture may represent a suitable alternative to fetal tissue 
in brain transplantation. In this perspective, CNS stem 
cells (Davis and Temple, 1994) appear to be an elective 
choice because of their extended proliferative potential 
and their capacity to generate all three main brain cell 
types (Reynolds and Weiss, 1992; Gritti et al., 1996). 

In this work, we present data concerning the isolation, 
characterization, and manipulation of multipotential stem 
cells from the human embryonic CNS and show that they 
can effectively be expanded in an undifferentiated state 
for over 2 years in vitro. During this time, they retain sta- 
ble functional features, which means that they retain both 
a steady growth profile and multipotentiality. Human 
CNS stem cells are plastic and can be induced to differ- 
entiate into neurons displaying a catecholaminergic phe- 
notype. Following transplantation into the adult rat brain 
these cells survive and differentiate into neurons and as- 
trocytes. 



METHODS AND RESULTS 

Since the basic conditions that allow for the growth of 
rodent stem cells were not sufficient for the culturing of 
human CNS stem cells (Svendsen et al., 1996; -Chalmers- 
Redman, 1997), specific culture conditions had to be es- 
tablished. Diencephalic and cortical stem cells were iso- 
lated from 10.5-week post conception human embryos, 
by mechanical dissociation, and could be cultured in NS- 
A basal medium (Euroclone, Scotland) containing 2 mM 
1-glutamine, 0.6% glucose, 9.6 M g/ml putrescine, 6.3 



ng/ml progesterone, 5.2 ng/ml sodium selenite, 0.025 
mg/ml insulin, 0.1 mg/ml transferrin, and 2 /ig/ml of he- 
parin (sodium salt, grade II, Sigma) in the presence of 
both epidermal growth factor (EGF) and fibroblast 
growth factor 2 (FGF2), at a final concentration of 20 
ng/ml and 10 ng/ml, respectively. The required simulta- 
neous exposure to both growth factors (GFs) is an iden- 
tifying feature that distinguishes human stem cells from 
their rodent counterparts, as the latter can be cultured in 
the presence of each of these GFs alone (Reynolds and 
Weiss, 1992; Gritti et al., 1996). 

Two to 4 days after plating at less than 5 X 10 4 
cells/cm 2 , cell death rapidly ensued. However, a minor 
subset of the total cell plated entered an active mitotic 
state, proliferated, and gave rise to spherical, floating 
clones of cells called neurospheres, which first appeared 
between 7 and 15 days. Cells within the spheres were 
negative for markers of neural differentiation but ex- 
pressed the neural precursor antigen nestin. Cultures 
could then te harvested, mechanically dissociated, and 
replated as a single-cell suspension under the same cul- 
ture conditions. New spheres were generated by 8-12 
days, depending on the area of origin of the cells. Hu- 
man stem cell cultures could be serially passaged in this 
manner for over 2 years, yielding an exponential, con- 
sistent increase in the total cell number. Over this time, 
human CNS stem cells retained nestin expression and 
lacked specific markers of differentiation. However, by 
clonal analysis, these cells were shown to be multipo- 
tential. A single cell monitored by time-lapse micropho- 
tography was shown to generate a neurosphere (Fig. 1), 
whose progeny were plated onto an adhesive substrate 
and allowed to spontaneously differentiate following re- 
moval of GFs. By indirect immunocytochemistry, a sin- 
gle stem cell was seen to give rise to neurons, astrocytes, 
and oligodendrocytes, thus showing its multipotentiality. 
The fact that similar results were obtained when clonal 
analysis was repeated at increasing subculture passages 
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ATTORNEY'S DOCKET NO: 17810-705 (CTC-N5 DIV12) 

IN THE UNITED STATUS PATENT AND TRADEMARK OFFICE 

Applicants; Weiss ct al. 
Serial No: 08/486,313 

Foif ' MULTIPOTENT NEURAL STEM CELL COMPOSITIONS 

Examiner: A.-M. Baker, Ph.D. 
Art Unit: 1632 

Attn: Examiner Baker (Fax No. 703/308-8724) 



Certification nf Facsimile Transmission 



Patents 



The unsigned hereby certifies that «*» papers* are being transmitted lo the A«U^ 0*unW«« for 
Washington, D.C., 2023 1 on the 8th day of August, 2001, to the attention of Exam.ner Bakei.. 

(^Chrjstiiia V. Karnakis\jte| 



j. 45,899 



Mintz, Levin, Colin. Ferris 
Glovsky and Popeo, P.C. 
One Financial Center 
Boston, MA 02111 
Telephone: 617/542-6000 
Facsimile: 617/542-2241 

• Supplemental Communication (1 page) 

Declaration of E. Edward Daelge Under 37 C.F.R. §1.132 (13 pages) 



Total Number of Pages Transmitted Including This Sheet: 15. 

If you did not receive all of the pages of this transmission or if any of the pages are illegible, 
please call immediately at (61 7) S42-6000. 
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17810-705 
CTT-N5 D1V12 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



APPLICANTS: Weiss ct al. 



SERIAL NUMBER: 
1'UINO DATE: 

for: 



08/486,313 Examiner: A.-M. Baker, Ph.D. 

June 7, 1995 ART UNIT: 1632 

MULT1POTRNT NEURAL STEM CTtU. COMPOSITIONS 

August 8, 2001 
Boston, Massachusetts 



Box AF 

Assistant Commissioner for Patents 
Washington, D.C 20231 

«ITPPT.RMKNTAl,Cn MMITNICA > nON 

In further response to the Response After Final and accompanying Declarations filed in 
the above-referenced case on July 30, 2001, Applicants hereby submit an executed version of the 
declaration oFDr E. Edward Daetge. Applicants filed Dr. Baetge's declaration unexecuted with 
their July 30, 2001 response. Wc have now received the executed version from Dr. Baetge, who 
resides in Switzerland. With the exception of a difference in pagination, the instant declaration is 
identical to that originally filed in the United States Patent and Trademark Office on July 30, 
200 1 . 

The Examiner is hereby invited to contact the undersigned via collect telephone call if 
there arc any questions regarding this submission. Although Applicants believe no further fees 
arc required with this filing, the Commissioner is hereby authorized to charge any underpayment 
or credit any overpayment to Deposit Account No. 50-031 1, Reference No. 178 10-705 (CTI-N5 
DIV 12). 

Respectfully submitted, 



/Jbt 




Elrifi, Reg. 

Christina V. Kamakis, Reg. No. 45,899 
Attorney for Applicants 
c/o M1NTZ LEVIN 
One Financial Center 
Boston, Massachusetts 021 1 1 
Telephone: (617) 542-6000 
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